Risk analysis of climate change impact on the productivity of selected cereals in Switzerland by Torriani, Daniele Simone et al.
UNIVERSITÉ DE GENÈVE 
 FACULTÉ DES SCIENCES 
Institut F.-A. Forel  Professeur W. Wildi 
Institut d’architecture  Professeur M. Beniston 
  
Dept. Fed. Aff. Econ. 




Risk Analysis of Climate Change Impact on 






présentée à la Faculté des Sciences de l’Université de Genève 
pour obtenir le grade de 


































Martin Beniston, professeur ordinaire et directeur de thèse 
(Faculté des Sciences, Université de Genève) 
 
Walter Wildi, professeur ordinaire 
(Institut F.-A. Forel, Université de Genève) 
 
Juerg Fuhrer, professeur honoraire et codirecteur de thèse 
(Agroscope Reckenholz-Taenikon Station de Recherche ART, Zürich) 
 
Pamela Heck, docteur en sciences de l’atmosphère 







Torriani DS 2007. Risk analysis of climate change impact on the productivity of 
selected cereals in Switzerland. PhD thesis No. 3881, University of 
Geneva. 83 pp. 
 
  








Remerciements   










   
Chapter I Potential effects of changes in mean climate and 
climate variability on the yield of winter and 
spring crops grown in Switzerland 
1 
   
Chapter II Using a statistical model for the regional 
assessment of climate change impacts on the 
productivity of summer crops and associated 
production risk 
27 
   
Chapter III Alternative hedging strategies in maize 
production to cope with climate variability and 
change 
51 




Outlook  70 
References  73 
  
 





Cette expérience unique a été possible grâce au Prof. Juerg Fuhrer et au Dr. 
Pierluigi Calanca. Avec patience et un courage remarquable, ils ont accepté ma 
venue dans le monde des options financières appliquées aux index 
météorologiques : ils m’ont stimulé et aidé tout au long de ce travail avec leur 
expérience et les ressources matérielles qu’ils m’ont mis à disposition. 
 
Un remerciement spécial va au Prof. Martin Beniston qui a accepté de diriger 
cette thèse et qui m’a soutenu pendant les phases finales critiques. Je me 
souviendrai toujours des réunions exotiques qu’il a organisées pour le groupe 
climat. Un merci va au Prof. Stéphane Goyette et Dr. Brigitte Koffi-Lefeivre 
pour avoir fourni les scénarios climatiques, et à Marjorie Perroud et Christophe 
Etienne pour leur aide avec la langue française. 
 
Je n’oublierai pas le groupe « Lufthygien/Klima » de la station Fédérale de 
Recherche en Agroécologie, Agroscope ART-Reckenholz de Zürich qui m’a 
aidé à améliorer mon allemand hésitant et le « Schwyzerdutsch». Une pensés 
particulière va à Aurelia Brunner, ensemble on a essayé la carrière alternative et 
peu fructueuse « d’orpailleurs » dans la région du Napf, et à Anne Collion qui 
m’a aussi aidé avec le français. 
 
Les discussions initiales sur les options financières entretenues avec les 
Professeurs Giovanni Barone-Adesi et Manuel Ammann, ainsi qu’avec les 
Docteurs Axel Kind et Francesca Bellini, m’ont aidé et motivé à continuer dans 
cette voie. 
 
Un remerciement spécial va à ma colocatrice, manager discipliné, productrice 
de film et excellente cuisinière. Alice Schmid m’a conseillé pendant les 
moments hésitants avec son expérience de la vie…et des mets exquis. 
 
REMERCIEMENTS 
Je me rappelle avec bonheur des moments passés avec les Docteurs Riccardo 
Baron et David Kony, mes colocataires avec qui j’espère partager encore des 
moments dans le futur, sur ce continent ou un autre… 
 
A mes parents, qui m’ont donné l’occasion d’atteindre tous ces merveilleuses 




Par les soirs bleus d’été, j’irai dans les sentiers, 
Picoté par les blés, fouler l’herbe menue : 
Rêveur, j’en sentirai la fraîcheur à mes pieds. 
Je laisserai le vent baigner ma tête nue. 
 
Je ne parlerai pas, je ne penserai rien : 
Mais l’amour infini me montra dans l’âme, 
Et j’irai loin, bien loin, comme un bohémien, 
Par la Nature, - heureux comme avec une femme. 
 
Sensation 











Le débat actuel autour des changements climatiques (CC) a atteint aujourd’hui 
le monde politique et économique (notamment le rapport Stern, Stern 2007), 
conséquence d’un consensus général obtenu grâce aux arguments défendus par 
d’influents groupes scientifiques et non-scientifiques, et appuyé par la présence 
répétée et continue de la question climatique dans les positions dominantes des 
médias. Mais ce consensus n’a pas la valeur d’une preuve. Même si aujourd’hui 
la communauté de chercheurs accepte comme un fait scientifique que le climat 
global peut être altéré par les émissions anthropogènes de gaz à effet de serre 
(Joos & Prentice 2004, Houghton 2001), cette même communauté est plus 
critique en ce qui concerne les conséquences et l’étendue de ses effets. Les 
activités humaines génèrent 7 Gt d’anhydride carbonique par année, 
principalement produites par les changements dans l’affectation et l’exploitation 
des terres, ou l’utilisation de sources d’énergie d’origine fossile, et motivant 
ainsi le développement de mesures de mitigation ayant comme but principal la 
réduction de la consommation de produits non renouvelables et une 
rationalisation de la consommation d’énergie. Mais lorsqu’il faut passer à 
l’action, les désaccords apparaissent, comme par exemple le destin du protocole 
de Kyoto, élaboré par une partie des membres de la Convention-Cadre des 
Nations Unies sur les Changements Climatiques (CCNUCC) en décembre 1997. 
Le protocole a été signé par 164 nations (aujourd’hui 168) et il est représentatif 
de 61.9% des émissions globales de gaz à effet de serre. 
L’adaptation est un processus difficile et les pas nécessaires afin de s’adapter 
aux changements climatiques reflètent la complexité de la société concernée. 
L’humanité s’est différenciée en une variété de cultures développant chacune 
ses propres solutions pour sa survie, et tout changement va naturellement à 
l’encontre de résistances. L’incapacité de s’adapter à de nouvelles conditions 
internes, par exemple un niveau de population qui induit une pression non-
adaptée sur l’utilisation des ressources naturelles, ou externes, comme les 
changements climatiques, ont été classifié comme un des facteurs primordiaux 
modélisant l’histoire. Il n’est certes pas adapté d’argumenter ici sur le rôle du 
climat dans les mécanismes délicats qui contrôlent l’émergence ou le déclin de 
nations, mais difficilement un esprit critique pourrait ignorer le défi que 




de ce fait le besoin d’investir des ressources et d’allouer l’initiative et 
l’innovation humaine à la tâche d’accroître la connaissance de notre planète. 
Comprendre le système climatique n’est pas seulement un problème de grand 
intérêt scientifique, mais reflète un besoin social majeur: celui de développer et 
proposer des solutions originales, car il arrive parfois que les stratégies 
développées permettent la survie et d’atteindre des avantages techniques, 
sociales et militaires. Mais, contrairement au sens commun, l’histoire de 
l’humanité relate la chute de civilisations moins favorisées pour des raisons qui 
ne sont pas uniquement liées à la compétition anthropogène. 
Le travail est divisé en trois chapitres correspondant à des articles scientifiques 
en voie de publication (Torriani et al. 2007a), soumis (Torriani et al. 2007b) et 







Cette thèse a été développée dans le cadre des Pôles de Recherche Nationaux, 
PRN Climat (NCCR Climate, National Center of Competence in Research), 
spécifiquement elle fait partie du group de travail « Impact sur les écosystèmes 
et adaptation » (WP 3) et a fourni des éléments au projet GRASS (Climate 
Change and Food Production Research Project, P 3.2), développé en partie à la 
station fédérale de recherche en agroécologie, Agroscope Reckenholz-Taenikon 
ART. Un des arguments adressé dans le projet GRASS concerne l’effet des 
changements climatiques sur la productivité des cultures de champs en Suisse. 
Le but général de ce travail a été donc d’évaluer les impacts des CC sur le maïs 
(Zea mays L.), le blé d’automne (Triticum spp. L.) et le colza (Brassica napus 
L.), dont les cultures sont d’une importance primordiale pour la Suisse et, au 
niveau global pour l’alimentation, la production de fourrage et de fibres. De 
plus, le développement de la filière bioénergétique est en train de créer une 
demande considérable qui affecte directement le rôle de ces trois espèces. 
Les implications des changements climatiques au niveau de la variabilité inter-
annuelle ont reçu moins d’attention que les études focalisant sur les 
changements des moyennes. Le but de la première partie du travail était donc de 
développer un scénario climatique qui tienne compte non seulement des 
changements moyens, mais aussi de la variabilité inter-annuelle de la 
climatologie, en intégrant les projections des modèles climatiques globaux et 
régionaux dans la simulation de la productivité au niveau régional. 
En développant cette première analyse, il est devenu primordial de définir la 
fréquence et le niveau de production, alternativement l’intensité des pertes, et 
donc le niveau de risque associé. La deuxième partie donc, décrit une structure 
pour le calcul des risques qui intègre les composantes stochastiques et les 
incertitudes intrinsèques aux scénarios climatiques d’une façon relativement 
simple et versatile, de façon à répondre à la question : quel est le risque associé 
à la production pour les conditions actuelles et futures ? 
Le dernier chapitre du travail, applique des outils financiers relativement 
nouveaux au transfert de risques associés à la production de maïs sous les 
conditions climatiques actuelles et futures. Ces produits financiers sont 
génériquement décrits comme des produits dérivés indexés sur des variables 
météorologiques (« weather derivatives »). L’intérêt de ce travail réside dans le 
fait que ces outils sont déjà aujourd’hui incorporés dans des contrats 
d’assurance multi-péril et vendus à travers le monde au moyen de structures 
privées et/ou gouvernementales. Néanmoins, il subsiste des lacunes dans 
iv 
 
l’application de ces instruments et la recherche dans ce domaine est à nos jours 
encore assez limitée, quand bien même les questions adressées sont 







Effets induit sur la productivité des cultures de champs printanières et 
automnales par les changement dans les condition climatiques moyennes et 
extrêmes 
 
La variabilité inter-annuelle de la récolte est affectée par plusieurs facteurs qui 
incluent les pratiques de production, l’apparition de nouvelles maladies et 
parasites, les changements dans la politique gouvernementale et les différences 
météorologiques qui apparaissent entre les années. Les expériences effectuées 
avec des modèles climatiques indiquent que ces différences inter-annuelles vont 
croître et seront amplifiées par le réchauffement climatique à niveau global 
(Räisisänen 2002), avec à la clef, une augmentation de la variabilité estivale et 
des probabilités accrues de vagues de chaleur (Beniston & Diaz 2004). 
Deux scénarios ont été comparés dans cette analyse, le plus simple considère 
uniquement les changements dans les moyennes mensuelles, noté CM, sans 
forcer la variabilité inter-annuelle ; Le deuxième scénario, noté CC, généré avec 
une méthode originelle développée à l’intérieur du groupe et décrite au chapitre 
I, intègre les changements dans les moyennes saisonnières et la variabilité inter-
annuelle sur la météorologie de référence (« baseline »), qui est composée de 
stations faisant partie du réseau de mesure automatique ANETZ, de l’office 
fédéral de météorologie et climatologie Météosuisse. 
Le scénario climatique qui a fourni les anomalies utilisées ici pour la période 
indicative de 2071-2100, est (le) HIRHAM4 (Christensen et al. 1998), 
accessible dans le cadre de l’initiative PRUDENCE de l’institut météorologique 
Danois (en ligne sur : http://prudence.dmi.dk). La concentration de CO2 ([CO2]) 
est une variable sur laquelle s’appuie le développement de scenarios 
climatiques.et dans cet expérimentation, elle se base les projections du scénario 
IPCC SRES A2 (Nakicenovic & Swart 2000), qui correspond à ~700 ppmv 
pour l’année 2100. Les conditions initiales et limites pour la simulation du 
scénario HIRHAM4 ont été extrapolées du modèle de circulation atmosphérique 
à haute résolution HadAM3H par le UK Hadley Centre (Pope et al. 2000), ce 
dernier étant engagé avec les résultats du modèle atmosphérique-océanique 
HadCM3 (Johns et al. 2003). Le scénario ainsi obtenu pour la Suisse est 
généralement décrit par une augmentation de la température moyenne sur 
l’année de 2 à 5°C, une diminution des précipitations pendant l’été de 10 à 30%, 




Figure 1. Evolution saisonnière des caractéristiques climatiques à Waedenswil pour 
la situation actuelle (ligne continue fine) et pour les scénarios climatiques (ligne en 
trait-tillée large), se référant au scénario CC, alors que la ligne en pointillée se 
réfère au scénario CM comme décrit dans le texte. Les lignes pointillées et trait-
tillés coïncident dans les panneaux de gauche. Les lignes en pointillées et continues 
coïncident dans les deux panneaux inférieurs côté droit. La moyenne à long-terme 
et l’écart-type inter-annuel sont reportés dans la colonne gauche et droite 
respectivement. Du haut vers le bas : précipitations mensuelles totales, moyennes 
mensuelles de la radiation globale, et moyennes mensuelles des températures 





Les variations les plus importantes par rapport à la moyenne sont observées sur 
les précipitations et la température sur l’ensemble de l’année,, avec un impact 
indirect de cette dernière sur l’humidité relative en été et automne. Les écarts 
majeurs de l’écart-type apparaissent en été et en automne, et ce pour toutes les 
variables, à l’exception des précipitations qui ont de variations mensuelles aussi 
importantes que celles saisonnières. Dans la thèse, le scénario climatique de 
référence noté CC, reflète les caractéristiques du scénario intégrant les 
changements de la variabilité inter-annuelle, le CM inclus seulement les 
changement dans la moyenne. 
La météorologie de Waedenswil (raccourci WAE, 47°26’N, 8°31’E), Lucerne 
(LUZ, 47°0’N, 8°30’E), (2) Taenikon (TAE, 47°29’N, 8°54’E) et (3) Zurich-
Reckenholz (REH, 47°26’N, 08°31’E), Fig. 2, a été employée pour calibrer le 
modèle aux observations de récolte et phénologie fournies par les programmes 
et études de terrain « Burgrain » (Dubois et al. 1999), « Chaiblen » (Dubois et 
al. 1998) et celles effectuées sur le terrain au Agroscope ART-Reckenholz. 
 
 
Figure 2. Carte de la Suisse avec les localités correspondantes aux stations 






Au moyen du modèle numérique CropSyst (Stöckle et al. 2003) qui simule la 
croissance des cultures de champs, il a été possible d’évaluer les facteurs 
climatiques principaux et les options de culture qui affectent la croissance et la 
productivité des cultures mentionnées. CropSyst a été calibré en adaptant les 
paramètres décrivant les cultivars et les conditions de culture observés en Suisse 
(Chapitre I) de façon à reproduire, par simulation (test de corrélation significatif 
à p = 0.05) les mesures empiriques pour la biomasse et la phénologie observées 
sur différentes années. CropSyst est un modèle générique, c'est-à-dire que les 
paramètres d’entrée peuvent s’adapter à plusieurs espèces végétales et pratiques 
de culture, qui a été testé à diverses reprises dans le monde entier (Stöckle et al. 
2003, Tubiello et al. 2000). Ce modèle permet d’effectuer des simulations à pas 
journalier et il a été employé pour évaluer les effets de l’anticipation de la date 
de semence, les effet de la limitation en eau sur la production de biomasse et la 
dynamique de croissance inter-saisonnière, de façon à isoler les conséquences 
sur les cultures des CC. Une analyse de sensibilité a été conduite sur les traits 
physiologiques qui définissent la réponse onthogénique des cultures, en 
perturbant, dans une marge représentative des traits existant aujourd’hui déjà, 
les paramètre de culture qui décrivent la quantité de degrés-jours nécessaire 
pour compléter un stade phénologique. Ceci a permis une évaluation simple du 
potentiel de productivité en assumant une adaptation par sélection des cultivars. 
Les différences de récolte entre la référence et les deux scénarios sont 
systématiques, mais spécifiques pour chaque culture. La réduction en biomasse 
pour le scénario CC est significative pour le maïs et, du fait que les CC seront 
d’avantage prononcés pendant l’été, non pour les cultures d’automne (blé et 
colza), Fig. 3,. L’anticipation de la date de semence aura un impact moindre sur 
la production moyenne si on exclue l’effet du CO2. En revanche, si on considère 
des variétés adaptées et le [CO2], il est possible d’obtenir une augmentation de 5 
à 15% de la productivité, due en partie à des températures mitigées et une 
exposition réduite aux périodes de sécheresse estivales. Les résultats sont 
reportés avec et sans l’effet du CO2 afin de permettre une comparaison avec les 
résultats des chapitres suivantes et pour tenir compte des critiques formulées par 
Long et al. (2006) à l’égard d’une possible surévaluation, par les modèles 
numériques, de la croissance du processus d’accumulation de biomasse pour des 
niveaux accrus de CO2. 
La limitation en eau sera marquée surtout pour le maïs qui reste exposé aux 
périodes estivales de sécheresse, mais l’anticipation de la date de semence 
permet de réduire cette exposition et de profiter des conditions plus favorables 
de printemps qui vont favorablement affecter la stabilité inter-annuelle de la 








Dans cette partie du travail, une méthode simple pour dériver des scénarios 
climatiques tenant compte de la variabilité inter-annuelle est proposée. 
On observe que la productivité des céréales va se développer différemment en 
fonction de la culture et la région étudiée, avec des effets favorables au nord des 
Alpes, mais seulement pour la situation qui assume une adaptation des 
nouvelles variétés aux températures élevées. Le climat au sud des Alpes va 
évoluer dans des conditions moins favorables pour les cultures de printemps qui 
seront exposées à des étés manifestement plus arides et pareillement 
caractérisées par une variabilité climatique accrue, une situation qui sera 
caractéristique de larges régions de la Méditerranée aussi, mais non détaillée 
dans cette partie du travail. 
L’analyse de sensibilité effectuée ici avec des cultivars hypothétiques, montre 
que la combinaison de mesures d’adaptation peut mener à une augmentation 
importante de la productivité par rapport à la situation sans adaptation. Ces 
résultats sont sensibles au choix de la date de semence et aux paramètres 
contrôlant la phénologie. Dans le cas du maïs, une simple combinaison de 
mesures d’adaptation a effectivement atténuée les effets négatifs des CC, mais 
en ce qui concerne les cultures automnales, les améliorations apparaissent 
uniquement pour les cultures caractérisées par des besoins en degrés-jours 
accrus. Ceci suggère qu’il n’existe pas de loi générale pour adapter les 






Figure 3. Zea mays L., Triticum spp. L. et Brassica napus L. Production simulée pour la référence et le scénario climatique sans (CC-) et avec (CC+) les effets de la 
concentration de CO2. On assume une culture sans irrigation. Les valeurs associées aux graphiques à moustache indiquent le coefficient de variation. Le graphique à 









Application d’un modèle statistique pour l’évaluation au niveau régional de 
l’impact des changements climatiques sur la productivité de cultures 
printanières et les risques de production associés 
 
Le deuxième article intègre les mécanismes de croissance végétale étudiée dans 
le travail précédant dans un modèle statistique basé sur des méthodes dites de 
Monte Carlo, qui ont comme but de modéliser la distribution empirique de la 
productivité agrégée au niveau régional en incluant la composante stochastique 
de la climatologie dans le résultat final. 
Les coûts et bénéfices de la production de maïs sont dépendants du niveau de 
biomasse produite. Ce niveau représente en partie le résultat des décisions prises 
par l’agriculteur avant la semence et l’adaptation des mesures de production 
pendant la croissance. Le calcul des profits (exprimés en biomasse-
équivalentes) dépend donc du niveau de la récolte Y (t ha-1) qui a été approximé 
linéairement avec une fonction empirique calibrée sur les données de coûts et 
bénéfices fournies par l’Agroscope ART-Taenikon et représentatives de la 
production en Suisse. Un niveau de productivité critique Ycr (t ha
-1) est défini 
comme la limite sous laquelle l’activité génères des pertes, et dans cette partie 
du travail ceci définit le risque : 
 
{ }crYYProbRisk ≤=  (1) 
 
Le modèle de croissance végétale se base sur les travaux de Monteith (1972 et 
1977), qui décrit la production de biomasse comme le produit de la production 
potentielle (non-limitée) et des facteurs climatiques limitatifs tels que la 
radiation globale, le déficit de vapeur saturante (VPD) qui affecte 
l’evapotranspiration et qui représente aussi un effet indirect de la température de 
l’air, et la disponibilité en eau qui contrôle le stress nutritionnel de la plante et 
l’evapotranspiration, suivant les relations développées dans les travaux de 
Budyko (1974) et Allen et al. (1998). 
La distribution de probabilité pour la récolte est obtenue en incluant dans la 
chaîne de Monte Carlo la composante stochastique des variables 
météorologiques mentionnées préalablement, et en tenant compte des relations 
entre les différentes variables météorologiques de façon à remplacer les mesures 
directes de la radiation globale, du VPD et du stress hydrique, par les relations 
liées aux précipitations (somme saisonnière), qui représente l’espace de 
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probabilité initiale pour la méthode de Monte Carlo, et qui est modélisé avec 
une fonction gamma calibrée avec les observations historiques (Wilks 2006). 
Une analyse de sensibilité permet de déterminer la réponse du modèle aux 
variations dans la distribution de la précipitation en assumant que les (co-
)relations entre variables météorologiques restent valables à travers le spectre 
analysé, même s’il est pertinent de s’attendre à des changements, Fig. 4. 
 
 
Figure 4. Analyse de sensibilité sur la récolte moyenne de long terme (haut à 
gauche), de l’écart type inter-annuel (haut à droite), du degré d’asymétrie de la 
distribution (skewness) (bas à gauche) et du risque (en %) d’atteindre la limite de 
production critique en fonction de la somme de précipitations (mm m-2). La 
situation actuelle de Waedenswil est représentée par le point noir. 
 
 
Aujourd’hui la probabilité historique d’observer des pertes est d’environ 10% 
en Suisse ; une année sur 10 est caractérisée par des récoltes économiquement 
non rentables, mais il faut tenir compte que d’importantes différences régionales 
allant jusqu’à 30% existent. Le risque va considérablement augmenter en 
fréquence, de 30 à 60% pour les scénarios investigués si on ne tient pas compte 
des adaptations et de l’effet fertilisant du [CO2]. Cette augmentation des risques 
est liée à l’augmentation de la température moyenne et à l’amplification de la 
variance de température qui affectent la dynamique et la durée de la phase de 




Les incertitudes intrinsèques aux scénarios climatiques pour le futur sont 
intégrés dans le calcul des risques en ajoutant au modèle des anomalies 
distribuées normalement sans tenir compte des covariances réciproques entre 
variables météorologiques, ce qui conduit à une surestimation de la variabilité et 
de la moyenne de production, mais même dans ce cas, la variabilité de la 
distribution reste comparable à la situation sans incertitudes, Fig. 5. Etant donné 
la définition de risque en (1), des valeurs dépassant 100% ou négatives ne sont 
pas pertinentes, ce qui amène à une distribution des incertitudes associées 
fortement asymétrique, Fig. 5 (panneau inférieur). 
 
 
Figure 5. Distribution des probabilités pour la récolte (haut) et pour le risque (bas) 
du scénario CC, générée en assumant des incertitudes dans le scénario climatique 











Cette partie du travail explique l’application d’un modèle statistique au calcul 
de la distribution de probabilité pour la production de maïs et son couplage à 
des modèles économiques permettant de calculer le risque de production par la 
distribution empirique de la recolte, sans se limiter à des résultats exprimés en 
écart-type et moyenne pouvant amener à de fausses estimations pour les 
fréquences en marge de la distribution. 
Lorsqu’on dérive des scénarios de production à partir des scénarios climatiques, 
deux aspects sont à retenir : les changements climatiques vont affecter la 
variabilité météorologique (Mearns et al. 1997 ; Porter & Semenov 2005) d’une 
part , et que les incertitudes associées aux scénarios climatiques restent 
considérables d’autre part (Frei 2007). Lors d’une évaluation des risques, ces 
deux composantes peuvent affecter les extrêmes de façon importante, mais le 
traitement des incertitudes requiert une analyse plus approfondie que celle 
développée ici. 
Les risques à niveau de la ferme peuvent être réduits de façon significative 
(Mendelsohn et al. 1994, 2007) lorsqu’on considère la possibilité que les 
agriculteurs puissent choisir entre différentes cultures mieux adapté au CC et de 
cette manière réduire leur risque d’ensemble, une option de travail qui mérite 






Stratégies alternatives pour le transfert de risque associé aux changements 
de la variabilité climatique pour la production de maïs 
 
La conclusion de ce travail décrit une application possible des dérivées sur la 
météorologie pour la construction d’une stratégie de transfert de risque associé à 
la production de maïs sous les conditions climatiques actuelles et de CC futur. 
Comparé aux chapitres précédents, la méthode expliquée ici s’adresse au 
transfert de risques économiques et non pas directement à la préservation de la 
quantité de biomasse qui a été adressée au premier chapitre. En utilisant les 
même scénarios climatiques à différents endroits en Suisse, on a simulé la 
distribution de probabilité pour la production de maïs et les profits qui en 
découlent suivant la méthode expliquée au chapitre II. Les stations de Magadino 
(raccourci MAG: 46°10’ N, 8°53’ E, 197 m d‘altitude), Schaffhausen (SHA: 
47°41’ N, 8°37’ E, 437 m) et Waedenswil (WAE: 47°13’ N, 8°41’ E, 463 m) 
ont été choisies comme représentatives des basses altitudes, avec MAG 
représentative de la région au sud des Alpes. Les localités de Beznau (BEZ: 
47°34’ N, 8°14’ E, 327 m), Kloten (KLO: 47°29’ N, 8°32’, 436 m), Leibstadt 
(LEI: 47°36’ N, 8°11’ E, 341 m), Reckenholz (REH: 47°26’ N, 8°31’ E, 443 m) 
localisées sur un axe nord-sud ont servi ultérieurement à l’évaluation de 
l’hétérogénéité spatiale des niveaux de précipitations (le risque de base). La 
stratégie de transfert de risque est détaillée uniquement pour WAE, MAG et 
SHA, car les autres régions sont caractérisés par des niveaux de précipitations 
élevées qui rendent l’application des contrats utilisés ici moins intéressante. 
La mesure de risque employée est dérivée du concept de la valeur à risque 
(VaR), une mesure basée sur les quantiles de la distribution des profits (Artzner 
et al. 1999 ; Hull 2002). Le transfert de risques est effectué à travers la 
souscription de la part du producteur, de contrats payant une indemnité p(x,K) 
qui est fonction du niveau de précipitations et d’un seuil d’activation K: 
 
( )( )xKDKxp −= ,0max),(  (2) 
 
Où D (le « tick ») est la quantité d’argent payé par unité de l’index (CHF mm-1), 
K le niveau d’activation en (mm), appelé « strike », et x la valeur de l’index, 
dans ce cas calculé comme la somme des précipitations accumulées pendant la 
phase de croissance végétale linéaire décrite au chapitre II et versée à 
l’acquéreur à maturation du contrat. Le « premium » du contrat correspond ici 
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au coût versé au moment de l’achat du contrat par l’agriculteur, et calculé 
comme l’expectative statistique en alternative à l’approche risque-neutre (Black 
& Scholes 1973 ; Merton 1973). 
L’application d’une stratégie de transfert de risque basée sur les instruments 
indexés employés ici, nécessite de la connaissance d’une relation (fonction de 
perte, « loss function ») entre les pertes et la variables sous-jacente au contrat, 
les précipitations ici. Ordinairement cette relation se limite à un régression 
linéaire obtenue par analyse des données historiques, mais souvent les 
corrélation entre récolte et variables météorologiques sont faibles pour être 
appliquées dans une stratégie de transfert de risques. Entre autre, il se peut que 
dans une région donnée, les observations météorologiques ou de production 
soient incomplètes et insuffisantes pour calculer les corrélations. Ce travail 
explique une alternative possible pour la détermination des relations utiles au 
transfert de risques en dérivant une fonction qui tient compte des facteurs 
limitatifs expliqués au chapitre II, Fig. 6. 
 
 
Figure 6. Fonction de perte normalisée (la moyenne de la récolte du maïs pour 2004 
est égale à 1 et correspondant à ~10 t ha-1 en Suisse) pour l’analyse de sensitivité 
sur les précipitations. 
 
 
Le contrat permettant le transfert de risque correspond donc à un produit 
structuré, c'est-à-dire une composition des instruments décrits par (2), qui a 
comme but de reproduire l’inverse de la courbe en Fig. 6 
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Le prix du contrat varie suivant la région et peut augmenter de deux à trois fois 
sur l’horizon de 70 ans étudié ici, ce qui représente un changement substantiel 






























Figure 7. Analyse de sensibilité pour le premium du produit structuré (en CHF 
contrat-1) en fonction de la moyenne des précipitations m(<x>) et l’écart-type 
sd(<x>) pour WAE (1), MAG (2) et SHA (3) pour la climatologie de référence 
(cercles pleins) et le scénario de CC (cercles vides). Il faut noter le changement de 
l’espacement entre les courbes pour des valeurs inférieures à 1000 CHF contrat-1. 
 
 
La stratégie d’assurance reste néanmoins attractive sous les assomptions de CC 
lorsqu’on la compare à la situation de référence (culture traditionnelle sans 
assurance), car une simple analyse de la « valeur à risque » (value-at-risk, VaR), 
indique la possibilité de charger le prix du contrat de 200 à 300% avant 
d’obtenir une situation de risque inférieure à une situation conventionnelle 











































































Figure 8. Analyse de sensibilité pour le 95-VaR (en milliers de CHF ha-1) pour la situation conventionnelle (gauche) et conventionnelle avec assurance 
(droite). Les condition climatiques actuelles pour différentes moyennes m(<x>) et écart-types sd(<x>) de précipitations sont reportées avec des cercles pleins, 







Les instruments indexés sur des variables météorologiques sont efficaces pour 
le transfert de risques associés à la variabilité climatique actuelle et future. Le 
prix des ces contrats pour la situation de CC peut augmenté de 100% à 200% 
par rapport à la valeur d’aujourd’hui, mais la stratégie reste intéressante car la 
situation assurée possède un profil de risques inférieures à la situation sans 
assurance (différences entre VaRconv et VaRwd), ce qui permet aux institutions 
vendant le contrat de couvrir les coûts et les incertitudes liées aux CC. 
Dans ce travail on a montré une approche alternative pour l’application de ces 
instruments, qui ne se base pas sur une régression et une corrélation directe avec 
les observations. Cette approche peut s’appliquer à des régions qui manquent 
d’observations adéquates (en qualité au quantité) pour obtenir les corrélations 
nécessaires à l’approche traditionnelle. 
Le risque de base lié à l’hétérogénéité spatiale des précipitations nécessite une 
étude plus approfondie car il est possible de corriger ces indices par différentes 
méthodes d’extrapolation spatiale ou de créer des indices ad hoc à travers 
l’agglomération de variables multiples (Vedenov & Barnett 2004). 
L’application des ces instruments s’expose à des risques non liés au climat ou 
bien au secteur agricole, mais qui dépendent de la faillite des institutions 
financières ou l’interruption du marché financier à cause d’un manque de 
liquidités qui pourrait empêcher la vente des contrats, avec la possibilité qu’un 
nombre réduit d’acteurs puisse générer une situation non-compétitive au 
détriment de la transparence du marché (Skees 1999, 2002 ; Hull 2002 ; 
Richards et al. 2004 ; Jewson & Brix 2005). Néanmoins, le développement 
récent du marché et l’arrivée de nouveaux acteurs engendrant de la liquidité 
accrue semble faire évoluer positivement ce secteur. 
Des études intégrées au niveau de la ferme, et non limitées à la production de 
maïs, peuvent générer des opportunités ultérieures pour l’application des ces 
instruments au bénéfice de la société qui optimiserait ses investissements (Skees 
1999, 2002 ; Miranda & Glauber 1997), et également pour le secteur rural qui 
est en pleine évolution. La stratégie de transfert de risque est une possibilité 
parmi d’autres pour augmenter la probabilité de maintenir la production de 
biens agricoles tangibles, qui peuvent augmenter ou diminuer en quantité et 
qualité à cause d’innombrables facteurs, mais qui ne peuvent pas être remplacés 
uniquement par de la valeur pécuniaire. Il faut néanmoins considérer que 
comme son nom l’indique, le risque est transféré et non pas réduit si on 
considère la question au niveau global, mais aujourd’hui la production du 
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secteur agricole est indépendante des autres secteurs industriels dans la plupart 
des pays et donc la société peut absorber ce risque. 
L’application des dérivés peut être influencée par la disponibilité de prévisions 
saisonnières, mais les études spécifiques pour la précipitation restent limités. 
Dans les régions où ces prévisions représentent un support valable pour la 
planification de l’activité rurale et les décisions financières (Stone & Meinke 




La possibilité d’expérimenter les effets du réchauffement climatique global et 
ses conséquences potentielles sur les écosystèmes et la société est source de 
fortes inquiétudes. Il faut retenir que les scénarios climatiques sont sujets à des 
incertitudes et hypothèses de travail (Houghton et al 2001), qui méritent d’être 
considérées comme des arguments pour développer des solutions alternatives à 
la gestion des risques. Certains aspects de ces incertitudes ont été traités dans les 
chapitres I et II, avec le chapitre III qui marginalise cette composante en 
présentant une alternative valable aujourd’hui déjà et qui peut valoriser les 
hypothèses de changements climatiques, dans les termes d’une efficience de 
Pareto. 
Ce travail a quantifié le risque pour la production de céréales a l’heure actuelle 
et sous des projections de changements climatiques principalement caractérisés 
par une augmentation généralisée des moyennes de température et une 
augmentation de la variabilité inter-annuelle des composantes météorologiques. 
Les résultats des simulations sont en accord avec des travaux précédents 
décrivant une diminution de la productivité de 15% pour les cultures 
printanières dans le Nord Italie (Tubiello et al. 2000) et une augmentation 
possible dans le Nord de l’Europe (Chloupek et al 2004) lorsqu’on tient compte 
des mesures d’adaptations (Chapitre I). L’augmentation de la variabilité inter-
annuelle va avoir une influence négative sur la stabilité de la productivité pour 
le maïs, mais l’anticipation de la date de semence et l’utilisation de variétés 
résistantes aux températures élevées peuvent modérer ces effets négatifs. La 
récolte moyenne pour les cultures automnales va progresser et rester stable 
grâce aux conditions favorables en hiver et printemps, qui sont le sièges des 
processus de vernalisation et les phases de croissance active. 
La productivité a été simulée à partir de données climatiques perturbées avec 
différentes méthodes incluant la variabilité inter-annuelle ou tenant compte 
seulement des changements dans la moyenne (chapitre I). Une structure 
stochastique est proposée au chapitre II, qui intègre les statistiques des scénarios 
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climatiques et permet l’évaluation à niveau régional de la productivité. Cette 
approche régionalisée fournit des éléments d’évaluation aux agriculteurs et aux 
politiciens que des études nationales ou supra-nationales auraient du mal a 
intégrer (Doering & Randolph 2002). Il suffit de considérer les différences dans 
les prix de vente des produits finaux, les coûts et l’accessibilité à l’eau qui 
varient énormément à niveau régional. Dans cette optique, le risque de base 
associé aux index de précipitations pourrait réduire la convenance de la stratégie 
de transfert de risques pour des distances de 30 à 50 km entre la station de 
référence et le lieu d’application de l’instrument. 
L’adaptation de la date de semence et la sélection de nouvelles variétés 
représente une technique de réduction de risque effective, étant donné que ces 
décisions affectent la productivité moyenne et sa variabilité. La stratégie de 
transfert de risque par contre, n’adresse pas directement la préservation de la 
productivité. Néamoins, à travers une réduction du risque monétaire, 
l’agriculteur peut investir dans des stratégies de production plus efficientes qui 
pourraient demander davantage de capital. Il faut retenir que, comme son nom 
l’implique, la stratégie de transfer de risque n’élimine pas le risque à niveau de 
la société, mais le risque reste dans la société jusqu’au moment où il est 
neutralisé par les actifs généré dans d’autres segments économiques. 
Aujourd’hui l’agriculture ne représente qu’une voix mineure dans le bilan 
économique de la majorité des états, et la plupart des secteurs industriels ne sont 
pas corrélée avec la production agricole, ce qui permet à la société de garantir 




Pour atteindre ces résultats, une collaboration entre spécialistes provenant de 
multiples secteurs comme l’agronomie la finance et l’économie a été nécessaire. 
Ceci reflet une situation qui devient courante dans les études en sciences de 
l’environnement. La progression typique : « recherche-développement-
production » (suivie par le marketing et le commerce) est aujourd’hui favorable 
aux scientifiques spécialisés dans le domaine de l’environnement, qui sont 
appelés à participer dans la chaîne décisionnelle à différents niveaux. 
La modélisation du processus stochastique sous-jacents à l’index de 
précipitations est simple et ne tient pas compte de l’agrégation des évents secs 
et humides, et de l’hétéroscédasticité du procès. Les modèles stochastiques qui 
intègrent et reproduisent ces propriétés sont déjà appliqué dans différents 
domaines (Engle 1982, Bollerslev 1986, Taylor & Buizza 2004), et appliquer 
ces modèles dans une analyse comme celle présentée ici, permettrait d’utiliser 
au mieux les informations contenues dans les séries de données de qualité. 
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L’intensité des précipitations influence l’écoulement superficiel et l’interception 
par la canopée, deux procèssus qui affectent la quantité d’eau atteignant la zone 
racinaire. L’intensité des précipitations peut devenir un facteur à retenir dans le 
développement du modèle stochastique, notamment au sud des Alpes. 
Les projections saisonnières évoluent dans leur précision et fiabilité (Stone & 
Meinke 2005), et peuvent représenter par là un instrument utile pour la prise de 
décision soit du point de vue de l’agriculteur que de celui de l’institution 
financière qui vend les contrats. 
La compréhension de l’hétérogénéité spatiales des précipitations est 
d’importance primordiale dans la quantification du risque de base (basis risk). 
Deux voies principales peuvent être envisagées pour mieux comprendre ou 
mesurer l’index de précipitations et ainsi réduire le risque de base. Les mesures 
satellitaires au autre moyen de télédétection sont une alternative caractérisés par 
la précision et la haute définition spatiale, mais qui demandent des ressources 
non négligeables. Alternativement (ou conjointement), des méthodes 
d’interpolation spatiales de mesures ponctuelles (observations traditionnelles à 
la station météorologique), peuvent représenter une solution pragmatique, car le 
développement d’un index climatique doit rester relativement simple étant 
donné les contraintes juridiques et le fait que les instruments d’assurance 
peuvent devenir la cible de coûteuses procédures en justice. Le développement 
de ces index et les instruments associés peut suivre deux voies principales, soit 
l’agrégation de multiples variables météorologiques (Vedenov & Barnett 2004) 
et la création d’instruments ad hoc, ou bien à travers la méthode expliquée au 
chapitre III. 
L’application des stratégies de transfert de risque décrites ici, requiert une 
évaluations des risques non-biaisée à l’intérieur de l’institution qui vend le 
contrat, car étant donné que la théorie classique de gestion de portefeuilles se 
base sur la loi gaussiennes, ces assomptions ne reflètent pas toujours la nature 
des processus météorologiques et la gestion de risques associés. 
Récemment des nouveaux systèmes d’irrigation ont été développées en Suisse 
et en nord Italie, avec des résultats favorables pour les agriculteurs qui peuvent 
obtenir des récoltes considérables. Ces productions positives sont 
principalement le resultat des densités d’ensemencement accrues, l’évitement de 
la pénurie nutritionnelle, un suivi constant de la croissance des cultures et par là 
une prise de décision immédiate suivant le besoin, et de l’effet favorable sur 
l’évapotranspiration générée par les sprinklers. Mais la viabilité économique 
demeure toutefois partagée suivant les régions, la disponibilité et les coûts 
d’accès à l’eau. Ce modèle pourrait s’appliquer à une telle analyse après 
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IN this dissertation, the reader will find the description of a risk analysis 
framework and its application to evaluate the impact of projected climate 
change on the productivity of maize (Zea mays L.), winter wheat (Triticum spp. 
L.) and canola (Brassica napus L.). The content is divided into a first generic 
introduction followed by the peer-review publications generated by this work. 
The first paper describes the data and model setup for the analysis of bio-
physical processes characterizing the agroecosystems, and of the quantification 
in terms of meaningful critical thresholds for Swiss conditions. It follows a 
chapter focusing on risk evaluation of maize production by means of a 
stochastic yield model based on Monte Carlo random sampling. This chapter 
also describes the fundamental methodology and transfer function used in the 
following study, which deals with a comparative analysis of alternative risk 
management strategies, namely the conventional situation described by rainfed 
maize production, and the same management coupled with a risk hedging 
strategy based on weather derivatives aimed at transferring the risk associated 
with rainfall shortages. 
The climate change (CC) scenario used in this work covers indicatively the 
years 2071-2100 for a doubled CO2 concentrations ([CO2]) with respect to the 
350 ppmv mean concentrations representative of the 1990-2000 period, and it is 
generically characterized by a 4 to 5 °C temperature increase associated with an 
increase (not systematic) in rainfall variability (i.e. an higher spread of the 
probability distribution) along with a 10 to 30% reduction in summer 
precipitations in most regions. 
In the first paper, two CC scenarios are compared: the simplest one considers 
only alterations of mean values at monthly time-steps without forcing the inter-
annual variability, whereas the second scenario generated with an original 
method developed in the group (described in chapter I) integrates both changes 
in the seasonal mean and in the inter-annual variability. The resulting difference 
in both the mean yield and the distribution for the two approaches is significant 
for maize but not for the winter crops studied here (wheat and canola) due to the 
fact that CC is most pronounced during the summer season. Results show that 
the productivity of cereals is projected to develop in contrasting patterns 
depending on the crop and the region studied, with CC having a favourable 




be adapted to higher temperatures so to take advantage of still favourable 
rainfall and radiative regimes. A shift in the sowing date towards earlier periods 
of the year will further improve productivity by 5% to 15% for spring crop that 
will take advantage of higher radiation, smooth temperatures and reduced 
exposure to summer droughts. The climate south of the Alps will develop into 
less favourable conditions for spring crops that will be exposed to significantly 
drier summers and increased weather variability. This situation is likely to affect 
larger areas of the Mediterranean region as well, although not in a systematic 
way. In Ticino, adaptation through seasonal shifts of management and 
development of new cultivars could mitigate effects of CC, but the increase in 
the frequency of extreme events will lead to a drop in productivity greater than 
15%. The sensitivity analysis performed with virtual cultivars shows that 
combined adaptation measures can lead to a significant yield increase with 
respect to the business-as-usual situation with the unrealistic assumption of no 
adaptation. 
In the second paper, the key mechanisms driving crop growth and the 
adaptation measures evaluated previously are introduced in a stochastic model 
based on Monte Carlo random sampling techniques so to simulate empirical 
probability densities for maize productivity aggregated at the regional level. 
After accounting for production costs and benefits, a critical yield level is 
provided as the limit below which the grower incurs in losses. Today the 
frequency of historical losses is grossly 10% (i.e. one in 10 years is 
characterized by a low yield), but significant regional differences exists up to 
30%, and are likely to increase considerably in frequency from 30 to 60% for 
the CC scenarios considered if adaptation and the effects of higher [CO2] are 
not accounted for. This increase in probability is caused mainly by the raise in 
mean temperature and the amplification of temperature variance, which both 
affect the path and duration of the growing period. Accounting for higher [CO2], 
the risk remains similar to the baseline excepted for Ticino and the regions 
characterized by seasonal precipitation roughly below 350 mm (Schaffhausen 
and Valais). These results are not detailed in the paper in order to better focus 
on the uncertainties of the CC scenarios that were included in the last part of the 
analysis. Such uncertainties are integrated in risk modeling by taking normally 
distributed anomalies not accounting for the covariance between weather 
variables, thus leading to an overestimation of yield variability. The variance of 
yield distribution remains anyway comparable to the results without assuming 
uncertainties. 
The concluding part of this research shows one possible way to apply weather 
derivatives as a tool for hedging downside monetary risk of maize production 
for both today and CC conditions. The premium of contracts varies from region 
to region and may increase by a factor of two to three over the 70 years 
considered here, thus representing a substantial change if considered from the 
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point of view of both the financial institution selling the contracts and the 
grower buying it. Ceteris paribus, the hedging strategy remains effective in 
reducing the frequency and extend of extreme losses even under CC 
assumptions if compared with the reference (rainfed growth). A simple analysis 
of the value-at-risk (VaR) measure shows that the fair premium can be charged 
up to 200-300% before to reach a risk-return situation worse than the 










THE very actual debate on climate change recently moved from the academic 
and scientific background to the political and economic sphere (e.g. the Stern 
Review, Stern 2007), thus following a broader consensus pertaining to the 
arguments defended by influential scientific and non-scientific groups, and 
supported by the repeated and long-lasting presence of the climate change 
issues at the top position in the media worldwide. But consensus is not a 
scientific fact, and even if today the research community accepts as a scientific 
evidence that the global climate can be altered by anthropogenic emissions of 
greenhouse gases (Joos & Prentice 2004, Houghton et al. 2001), the community 
is more critical about the consequences and the extend to which these changes 
may occur. Human activities generate carbon emission at 7 Gt per year, mainly 
through land-use change and fossil fuel burning, thus motivating mitigation 
measures aimed principally at reducing fossil fuel use and rationalization of 
energy consumption. But when it comes to action, open disagreement appears; 
an example is the fate of the Kyoto-Protocol signed in December 1997 by a 
fraction of the signatories to the United Nations Framework Convention on 
Climate Change (UNFCCC 1997). It was ratified by 164 countries (today 168) 
and accounting for 61.9% of the global greenhouse gas emissions. 
Adaptation is a difficult issue, and steps necessary to adapt to CC reflect the 
complexity of a society. Mankind evolved in as many original ways as each 
culture characterizes itself from the others and solutions requiring changes are 
naturally encountering resistance. Some authors depict the failure to adapt and 
evolve to new endogenous conditions, like higher population critically outing 
pressure on the use of natural resources, or exogenous circumstances similar to 
the change in climate as the key factors shaping history. This is not the right 
place to argue over the role of climate in the intricate mechanisms that may 
controls the rise or collapse of nations, but nobody possessing a critical spirit 
will argue against the stake represented by the possible consequences of 
projected climate change on modern society and the need to allocate material 
resources, human incentive and innovation to enhance the understanding of our 
unique planet. The understanding of the climate system is not only a problem of 
great intrinsic scientific interest, but serves a broader social need: the goal is to 
propose original solutions, since sometimes the strategies developed have led to 
successful survival and eventually to technical, societal and warfare advantages, 









THIS thesis was carried out in the framework of the National Centre of 
Competence in Research on Climate (NCCR Climate), specifically as part of the 
work package Ecosystem Impacts and Adaptation (WP 3), and it provided 
elements to the Climate Change and Food Production research project (GRASS, 
P 3.2) of Agroscope ART. One of the main questions addressed in GRASS is 
how does climate change (CC) affect the productivity of existing arable crops in 
Switzerland. 
The general aim of this work was then to evaluate CC impacts on arable crop 
production with a focus on maize (Zea mays L.), winter wheat (Triticum spp. 
L.) and winter canola (Brassica napus L.). We evaluated adaptation measures 
that impact directly the productivity in biomass terms by means of the CropSyst 
model (Stöckle et al. 2003) so to find the critical climatic and management 
options affecting growth and productivity for the selected crops. 
During the development of the first part, it was observed that uncertainties in 
climate scenarios and a lack of information in the literature concerning the 
stochastic modeling of crop production could be key elements to be combined 
to foster better understanding of the impact of CC on agricultural production, 
both in terms of intensity and the frequency of the event, with the latter 
expression being a proxy for risk. Thus, we built a stochastic framework for 
measuring the distribution of yields and the associated risk of production under 
CC assumptions to answer the question: what is the risk in agricultural 
production (expressed in any monetary numéraire or biomass) for the reference 
today and the future? The model should have been simple and flexible enough 
to incorporate results of CC scenarios. 
The last part of this work presents the application of the stochastic model to 
answer the question whether or not weather derivatives are efficient tools for 
risk transfer, and what risks exist to the selling and buying of these instruments, 
today and under CC assumptions. This simple question, probably without a 
strong scientific interest, is pertinent in view of the today development of the 
weather market, since multi-peril policies including drought insurance, are 
already offered around the world, both privately and through governmental 
subsidized programs. Yet, the literature is surprisingly scarce on many topics 





DUE to the multidisciplinary nature of the climate research community, few key 
terms deserves a description. Climate, defined as the average seasonal to multi-
year behaviour of weather patterns (von Storch & Zwiers 1999), is an important 
factor imposing limits to the agricultural activity in a given region, while 
weather can be defined as the daily up to the intra-annual factor controlling crop 
growth and thus affecting the quantity and quality of the final harvest. One 
common underlying working hypothesis is that an increase in weather 
variability at daily, intra-seasonal, inter-annual or longer time scales may 
require additional resources to keep the system functioning under the same 
regime, or eventually to improve it. It is not always the case, as we observed in 
this study, since some systems are more stable and less sensitive to an increase 
in variability even if the latter is coupled to a systematic displacement in mean 
conditions, but specifically for numerical stochastic modeling, the correct 
evaluation of risk (i.e. the tails of the distribution) (Fig. 1) is basically sensitive 
to any modification in the shape of the distribution, even if the second moment 
remains unchanged. 
Including the inter-annual or seasonal change in variability requires a careful 
consideration about the pertinence of the method used in view of the goals, 
since at the knowledge of the author, conventional and agreed methods do not 
exists. The first paper describes one possible approach for the perturbation of 
the meteorology in order to integrate variations in a probability distribution’s 
higher statistical moments, but the work is far from exhaustive. Other flexible 
and powerful techniques allow an in- depth control of statistical properties of 
weather variables, like weather generators (Semenov & Barrow 1997). Yet the 
decision to use an alternative approach developed in this research group is due 
to the higher confidence in the method and the possibility to use regional CC 






Figure 1. How the mean, the variance and combined mean-variance changes affect 
the occurrence of specific events (from Houghton et al. 2001, p. 155). 
 
The use of such long term scenarios was motivated by the availability of data, 
the need to drive the experiment under conditions that are likely to induce an 
effect, and to study the sensitivity of the system with a climate different from 
today but still providing acceptable consistency in the physical processes 
driving the weather variables. The creation of such long-term deterministic 
scenarios reflects the way modeling works, since this community needs to 
implement algorithms that can be updated and tuned as soon as new climate 
mechanisms are measured and understood. The application of these model’s 
results is a further verification undertaken between different climate research 
lines. 
Projections for climate change are the results of simplification and working 
hypothesis (Houghton et al. 2001), and as such they are subject to uncertainties 
that deserve attention in work aiming at quantifying the risks of any given 
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process. In the second paper, we included these uncertainties in the estimation 
of the yield distribution by estimating the uncertainties from the work of Wigley 




Figure 2. Interpretation of high projections for global mean warming. The full 
horizontal line covers the 75% of the distribution for the 2100 period (±2°C). 
 
Other uncertainties related to the economic evolution of prices were disregarded 
even if, together with political decisions, they represent the major forces driving 
production risks. In the same way, the assumptions underlying the development 
of the SRES scenario for CO2 emission (Nakicenovic & Swart 2000) is strongly 
dependent on economic forecasting, but we believe that this work proposes 
anyway few ideas on which extensive economic analysis can built on in the 
future. 
 
Agriculture and field crops 
 
HUMAN activities are sensitive to weather, with agriculture being one of the 
most exposed at any time-scale considered. The agricultural sector, following 
the classification ISIC 01-05, occupies directly 42% of the 7.2 billion world 
population (World Bank 2006), with the occupation rate showing major 
geographical and gender heterogeneity and strictly reflecting the technological 
development of a country. Agriculture in Switzerland employs about 2.5% of 
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the active population, with 70% of the 65’856 farms operated as primary 
income activity composed by 47% of crop production, 27% milk production 
and 26% diverse animal goods. The production value, accounting for animals, 
vegetables and wood, amounts to 9.9 Billions CHF per year (SBV 2005), a 
minor voice in the Swiss gross domestic product. Yet, its role in providing 
inland food supply is still predominant for meal and dairy goods, with a total 
inland foodstuff production in energy-equivalent and all commodities combined 
estimated at 53.8% of the consumption (SBV 2004). But rural activities have a 
broader impact on the country, such as the auxiliary benefits on the territory and 
for tourism, or the quality of life; a recipe that Swiss citizens repeatedly 
supported with ballots favourable to agriculture and the environment 
preservation. All the same, agricultural activity generates controversial issues as 
well, like governmental subsidies, i.e. monetary payments from the government 
to the farmers, or negative externalities (wastes, water usage or particle 
emission to cite few) that are still today the subject of much debate and study. 
The major difficulties that the rural sector is facing today are not always and 
everywhere related to climate change, but include tectonic adjustments like the 
migration of large shares of population from rural areas towards coastline and 
urbanized zones in search of better living standards; similarly to what is 
happening now in broad regions of Asia and happened before all along the 
human history. Nearest to us, Swiss farmers are confronted with low or non-
profitable business, reduced land availability, prohibitive land prices, and land-
lease contracts limited only to the short-term that precludes the development of 
long-term projects. Today, adaptation includes frequent part-time occupation 
and diversification outside the classic growing/breeding activities into tourism 
and leisure or the processing of row products into ready-to-sell goods. 
Nevertheless, continuous adaptation and evaluation of new opportunities related 
to arable crop production remains the key process for the development of 
agricultural activities. The crops investigated in the first part of the work were 
thus selected on the basis of their relative importance for Swiss agriculture and 
their fundamental role played at the global scale for human food and animal 
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feed. In 2004-2005 Switzerland produced about 0.22 Mt out of 620 Mt of world 
grain maize (FAO 2007), 0.56 Mt out of 632 Mt for wheat and about 0.03 Mt of 
canola (a variety of rapeseed) (FAO 2007, USDA 2005)1, but recently the 
global production for canola and maize raised sharply (along with prices) 
especially in north America, due to a strong demand for bio-fuel and bio-
ethanol production (Odling-Smee 2007). The development of biomass-based 
energy sources is an aspect that will have significant and probably unexpected 
multidimensional impacts beyond the rural sector alone by affecting the fossil 
fuel usage, environmental health and the National energy security, together with 
new challenges in matter related to the preservation of soils, productivity and 
foodstuff production, but these arguments need a deeper discussion outside this 
work. 
The decision to focus on maize for the last two papers was dictated by the 
availability of observations and the response of maize to water limitation that 
makes this crop an ideal study case. Maize is an amazing crop capable of 
growing from a small seed to a plant of 2.2 to 3.5 m high in 9 weeks, and 
accumulating a total above ground dry biomass broadly between 15 t DM ha-1 
(DM stands for dry matter, but in the rest of the work this specification will be 
dropped) for rainfed management to record productions over 50 t ha-1 in the 
corn belt of USA, where about 50% of the above ground biomass is in form of 
grain. In Switzerland mean production is about 20 t ha-1 (~10 t ha-1 grain) for 
rainfed production, but this value nearly doubles for irrigated management. 
Mean yields for wheat are about 6-7 t ha-1, but its grain price is systematically 
higher. Canola produces ~4 t ha-1 (SBV 2006) and remains attractive due the 
versatility of its harvest that can be sold or used directly for different purposes, 
like animal feed or processed into vegetable oil. 
Water requirements for corn are high, up to 500 to 800 mm necessary during the 
180 days of the vegetative growth, but commonly to C4 plants, it remains one 













1 Statistics for cereals are likely to differ from one source of data to the other reflecting 
the definitions given to each commodity and statistical method used. For example, the 




of the most efficient field crops in terms of water use efficiency that depends 
strongly on climate, seeding date, managements techniques and the nutrient 
stress level of the plant, but its mean value for  temperate climates remains 
about 40 kg mm-1 ha-1, against 25 kg mm-1 ha-1 for wheat and 20 kg mm-1 ha-1 
for canola (Aldricht 1982; Doorenbos & Kassam 1986; Doorenbos et al. 1984; 




ANY business exposed to financial losses that are correlated with adverse 
weather conditions can transfer part of the associated weather risk with an 
hedging strategy based on financial instruments paying an amount of money at 
expiration of the contract that is a function of the weather itself. Such 
instruments are today generically named “weather derivatives”, and from the 
point of view of the contract specification, they can imitate nearly any existing 
class of traditional financial derivatives. 
Historically, the trading of contracts that most resemble the today Futures 
instrument took place in the 17-18th centuries in Europe and Japan (Dishel 2002; 
Geman 2005), but the use of insurance-like agreements is well documented 
since the 15th century (Dishel 2002). The modern form of derivative exchanges 
and standardized derivatives was born during the second half of the 19th century 
in the American Midwest following the need of farmers and mediators to secure 
prices and delivery of agricultural goods (CME 2007, CBOT 2007). The market 
for derivatives has since developed beyond Futures and Options and outside the 
agricultural sector, covering today a large spectrum of businesses including 
currencies, energy, interest rates, metals and weather, along with other generic 
financial and industrial indexes like shipping, freight, housing and forest 
products just to cite the major categories. 
The difference between insurance and financial derivatives stems mainly from 
accounting issues and the acquaintance of each sector with its own  jargon, but 
fundamentally insurance or financial derivatives reach the same goal of 
providing a measure for risk and the opportunity to transfer it. 
Due to the relative recent introduction of the weather derivative market, 
differences in terminology arise among authors in the actuary science, finance, 
mathematics or other engineering disciplines. By no way, the present work tries 
to favour a conventionality over the others, but it is nevertheless useful to define 
a few terms. In this work we will focus on a very basic option structure that is 
easily comprehensible and based on plain Options. An Option is a contract 
stipulated between parties, commonly a financial institution that sells the 
contract, also called the “writer” or the “speculator”; and the counterparty, also 
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referred to as the “underwriter” that is typically seeking to hedge any process 
sensible to adverse weather conditions, and thus “buying” the contract by 
paying a “premium”, defined as to the cash money that the buyer has to pay to 
the writer. The “fair premium” used for the calculation here, indicates a 
premium that reflects the statistical measure of risk, thus not considering the 
market price of risk, together with the assumption in this work that there is no 
transaction costs involved. Only Options written on a precipitation index are 
illustrated here, i.e. underlying is an index of seasonally cumulated daily 
precipitation. An extensive description of financial derivatives can be found in 
Hull (2001), Jewson & Brix (2005), and the Chicago Mercantile Exchange 
(CME) offers introductory materials on-line for weather contracts. 
Let’s consider a generic European style Option, whereby “European” style 
refers to an option that can be exercised only at the expiration date (maturity); 
as opposite to the “American” style that can be exercised at any moment during 
its life (early exercise). Since the goal here is to hedge risk of water shortages, 
the basic instrument for this purpose is a “Put” Option (respectively, a “Call” 
Options pays money at maturity only when the index is above the strike.) that 
pays a p(x) amount of money for every tick size D (money mm-1) times the 
index x (mm) below a “strike” level K (mm), following: 
 
( )( )xKDp(x) −= ,0max  
 
Again, the p(x) is the premium defined above (not discounted at the present 
value, see chapter III) that varies as a function of the underlying. The graphical 







Figure 3. Generic profits diagram for a Put option. The final profit for the option’ 
buyer that matures “out-of-the-money” is negative since the buyer pays a premium 
at purchasing and the payoff is zero (horizontal segment). 
 
When the index value is below the strike for a Put Option, it is stated that the 
Option is “out-of-the-money” contrary to the “in-the-money” situation where 
the index is below the strike (the opposite is valid for Call Options). It is then 
possible to combine multiple Options to construct strategies and synthetic 
instruments that provide specific characteristics of the payoff function, similarly 
- but certainly not limited - to the product described in chapter III. 
Weather derivatives are mainly sold in “Over-the-Counter” market (OTC), i.e. 
through direct phone calls and deals between parties without the intercession of 
public markets like the Chicago Mercantile Exchange (CME) and the use of 
standard products. The volume of OTC transactions is difficult to evaluate due 
to the secretive nature of many market actors, but is bigger than the CME and 
considering that weather Futures and Options on the CME raised 8 folds from 
the 9.6 billions in 2005, one can conclude that the weather market is expanding. 
Nevertheless, the weather market is still an alternative market, with relatively 
small liquidity and thus subject to liquidity risks that may rise from a change in 
investors preferences to drop illiquid instruments in favour of more liquid ones 
(the so called “flight to quality”), a situation that may be generated by any kind 
of market shocks. Trading Options is an activity requiring a careful definition of 
risk limits and the implementation of managing strategies that insure 
monitoring, respect, and application of such limits, whether it is a financial or a 
non-financial institution. 
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Climate change is expected to affect both the average level and the variability of 
crop yields. In this modeling study, we quantified mean and inter-annual 
variability of grain yield for maize (Zea mays L.), winter wheat (Triticum spp. 
L.) and winter canola (Brassica napus L.) for climatic conditions corresponding 
to current and doubled atmospheric CO2 concentrations. Climate scenarios with 
and without taking into account changes in the inter-annual variability of 
climate were developed for the time window 2071-2100 from the output of a 
regional climate model. Climate change effects on the mean yield of maize and 
canola were consistently negative, but a positive impact was simulated for mean 
yield of winter wheat for elevated CO2 concentration. For maize and canola, the 
coefficient of yield variation increased in the scenarios, but decreased for wheat. 
Higher thermal time requirements increased mean yield and reduced yield 
variability for all crops. Shifts in the sowing dates had a beneficial impact on 
the yield of maize, but not on the yield of canola and wheat. It is concluded that 
in the Alpine region the potential effect of climate change is crop specific. 
However, the introduction of new cultivars may provide means for maintaining 
or even increasing current productivity levels for most of the crops. 
 




The stability of crop yield is of great importance for farmers, food markets and 
political advisors because large year-to-year variations in crop yield constrain 
overall farm productivity and farmers’ net benefits (Sombroek & Bazzaz 1996). 
Calderini & Slafer (1998), using worldwide data, found that during the 20th 
century yield stability of wheat increased in 7 countries but decreased in 14. In 
many European countries, yield stability increased in recent years for several 
crops (Chloupek et al. 2004), but the opposite was observed in the USA, 
possibly as a consequence of increasing climate variability (Rosenzweig & 
Iglesias 2000). 
Inter-annual variability of crop yield is affected by many factors, including 
improvements of the production practices, the appearance of new diseases and 
pests, changes in the governmental policies, and differences in the climate 
settings from year to year. Experiments with climate models suggest that the 
latter could be enhanced by global warming (Räsisänen 2002). For Europe, in 
particular, regional scenarios indicate an increase in the variability of summer 
climate and a more frequent appearance of summer heat waves (Beniston & 
Diaz 2004). 
For many years, the implications of changes in climate variability for the 
productivity of crops have received less attention than the effects of a steady 
increase in mean temperature. Enhanced climate variability may lower mean 
yields because of a higher incidence of years with adverse conditions 
(Southworth et al. 2000), but sign and magnitude of the impacts will likely vary 
from region to region and depend on crop (Porter & Semenov 2005). In Europe, 
productivity is likely to increase in northern Europe but to decrease in southern 
Europe, unless adaptive measures are implemented to cope with the negative 
impact of climate change (Olesen & Bindi 2002). 
In this context it is worth bearing in mind that the specific response of crops to 
climate change will depend on how growth and yield formation are stimulated 
by elevated CO2 concentrations. Direct stimulation of photosynthesis and 
increase in transpiration and water use efficiencies play both a role (Fuhrer 
2003). The potential for a direct effect is larger in C3 than C4 crops, because in 
the latter, the ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) is 
already CO2 saturated at current atmospheric levels (Long et al. 2004). 
The overall objective of our study was to examine the effects of climate change 
on the productivity for three of the main crops grown in Switzerland and 
Europe, namely maize (Zea mays L.), a C4 crop, winter wheat (Triticum spp. 
L.) and winter canola (Brassica napus L.), two C3 crops. Specific aims were: 
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(1) to develop a climate change scenario that accounts not only for the change in 
mean conditions but also in year-to-year variability; (2) to compare mean yield 
levels and yield variability under current and projected future climatic 
conditions based on the results of simulations with a process-based crop model; 
and, (3) to test the sensitivity of yield and yield variability to changes in the 
thermal requirements and shifts in sowing date. 
 
1.2 Climatic data and projections 
 
The source of climatic data is the monitoring network of the Federal Office of 
Meteorology and Climatology (MeteoSwiss, http://www.meteoswiss.ch). For 
our study we considered daily weather data covering the period 1981-2003 for a 
representative location on the Swiss Plateau (Waedenswil, shorthand WAE, 
47°26’N, 8°31’E). Additional stations were used to carry out model calibration 
and testing, and these are referenced in Section 3, and reported in Fig. 1. 
As in Beniston & Diaz (2004), results of simulations carried out by the Danish 
Meteorological Institute with the regional climate model HIRHAM4 
(Christensen et al. 1998) were used to infer climate projections for Waedenswil 
for the nominal time window 2071-2093. The original data are available from 
the homepage of the PRUDENCE initiative (http://prudence.dmi.dk/, 
Christensen et al. 2002) and include a control run valid for 1961-1990 and a 
climate scenario valid for 2071-2100. The emission scenario adopted for this 
specific experiment was the IPCC SRES A2 scenario (Nakicenovic & Swart 
2000). The corresponding CO2 level was of about 800 ppmv by 2100 (three 
times the pre-industrial values), providing an upper bound for the ensemble of 
projections discussed in the Third Assessment Report of the IPCC (Houghton et 
al. 2001). 
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Figure 1. Map of Switzerland with the location of the meteorological stations 
referenced in the text: Lucerne (LUZ, 47°0’N, 8°30’E), Taenikon (TAE, 47°29’N, 
8°54’E), Waedenswil (WAE, 47°26’N, 8°31’E) and Zurich-Reckenholz (REH, 
47°26’N, 08°31’E). 
 
Initial and boundary conditions for running HIRHAM4 were inferred from 
simulations conducted by the UK Hadley Centre with the high-resolution 
atmospheric circulation model HadAM3H (Pope et al. 2000). The latter were 
driven with the output of the fully coupled ocean-atmosphere global climate 
model HadCM3 (Johns et al. 2003). 
The grid-point with coordinates 8°35’ E, 47°15’ N, 608.98 m above sea level 
was adopted to represent Waedenswil and specific climate scenarios were 
constructed by applying monthly climate anomalies modelled by HIRHAM4 for 
this grid-point as adjustments to the daily observations. We considered absolute 
changes for temperature and air humidity, but relative changes for precipitation 
and solar radiation. 
Two approaches were followed. In the first one (hereafter referred to as CM) we 
used constant anomalies, accounting only for changes in the long-term mean 
climate. This is analogue to the procedure followed in many impact studies (e.g. 
Jasper et al. 2004), but has the drawback of arbitrarily distorting the inter-annual 
standard deviation (Mearns et al. 1997). 
According to the results of the HIRHAM4 simulations, changes in climate from 
year to year can be considerable. This is best seen in plots of the probability 
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density functions of monthly values (Fig. 2). For this reason, in the second 
approach (hereafter referred to as CC) monthly anomalies were calculated for 
each year according to the changes in the shape of the distributions. This was 
done by first determining the shifts in the cumulative distribution functions 
from the HIRHAM4 output (Fig. 3a) and applying these changes to the 
observed distribution functions (Figs. 3b and 3c). Probability levels were used 
as a reference to assign specific anomalies to the individual years. Contrasting 
Fig. 3c with Fig. 2 shows that differences in the probability density function 
between scenario and baseline are indeed in agreement with those simulated by 






















Figure 2. Histogram and fitted probability distribution for the June monthly mean 
maximum temperature as simulated by HIRHAM4 in the control run (solid lines) 
and for the 2071-2100 scenario (dashed lines). 
 
Baseline climate and scenarios thus obtained for Waedenswil are displayed in 
Fig. 4. The most striking differences between the CM and CC scenario are 
found with respect to summer and winter precipitation, solar radiation in spring 
and autumn, and temperature and humidity in summer. 
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Figure 3. Derivation of the CC climate change scenario at the example of the June 
monthly mean temperature. (a) Shift in the cumulative distribution function as 
simulated by HIRHAM4. (b) Application of the changes to the observed 
distribution function and (c) to the probability density function. In all panels the 
respective baseline is indicated with a continuous line while the scenario is drawn 





Figure 4. Seasonal evolution of the climatic characteristics at Waedenswil under 
present-day conditions (thin solid line) and in the scenarios (the thick dashed line 
refers to CC scenario, whereas the dotted line refers CM scenario as described in 
the text. Dotted and dashed lines coincide in the panels on the left-hand side. 
Dotted and solid lines coincide in the lowermost two panels on the right-hand side). 
Long-term mean and inter-annual standard deviation are displayed in the left and 
right columns, respectively. From top to bottom: monthly total precipitation, 
monthly mean solar radiation, and monthly mean maximum temperature and 
minimum relative humidity. 
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1.3 Model description and calibration 
 
CropSyst (version 3.04.01) is a process-based model that computes biomass 
accumulation and phenology at a daily time step for perennial and non-
perennial crops. The crops are specified by a generic set of parameters (Stöckle 
et al. 2003) that in general, requires calibration. 
CropSyst is driven with daily values of the solar radiation, maximum and 
minimum temperature, maximum and minimum relative humidity, wind speed 
and precipitation. Daily biomass increment is calculated as the minimum of 
either an increment proportional to daily transpiration (Tanner & Sinclair 1983) 
or an increment related to intercepted solar radiation (Monteith 1977). 
Phenological development is described in terms of accumulated thermal units, 
or growing degree-days (GDD) (Jones 1992), and harvest is typically assumed 
to occur five days after maturity. 
Plant processes are affected to various degrees by thermal and water stress, as 
well as nutrients deficit. Atmospheric CO2 is assumed to affect both the canopy 
resistance (with implications for the daily transpiration) as well as the factors 
relating biomass accumulation to transpiration and intercepted solar radiation 
(Bristow & Campbell 1984, C. O. Stöckle, pers. comm.). 
In our study, the model was calibrated with respect to the data obtained from 
three field trials: (1) ‘Burgrain’ (Dubois et al. 1999), a field experiment carried 
out in 1990 in central Switzerland aiming at comparing low input (organic), 
integrated and conventional management practices; (2) ‘Chaiblen’ (Dubois et al. 
1998), a long-term field trial carried out in eastern Switzerland from 1989 to 
1999 for investigating different rotations of wheat and maize and providing 
information on seeding date and density, variety, fertilizers and pesticides 
application, harvest date and yield; and, (3) a genotype testing and breeding 
program carried out from 1997 to 2003 in the region of Zurich, providing 
detailed information on management practices, yield and chronology of 
phenological stages for canola and winter cereals (Agroscope Reckenholz-
Taenikon, unpublished data). 
Daily weather data for the calibration were extracted from the database of the 
Swiss Federal Office of Meteorology and Climatology for the stations of (1) 
Lucerne (short-hand LUZ, 47°0’N, 8°30’E), (2) Taenikon (TAE, 47°29’N, 
8°54’E) and (3) Zurich-Reckenholz (REH, 47°26’N, 08°31’E) (Fig. 1). 
The calibration was carried out in two steps, first by adjusting phenology and 
then biomass accumulation (van Ittersum et al. 2003). Critical crop parameters 
affected by the calibration are listed in Table 1, whereas Table 2 provides a 
summary of the benchmarks considered. 
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Not all the relevant parameters could be specifically optimized. Due to the lack 
of observations for leaf area index (LAI), the GDD necessary to reach 
maximum LAI were assumed to correspond to 95% of those required for 
flowering, whereas the GDD required for leaf duration were assumed to 
correspond to 90% of those required for reaching maturity. This is in agreement 
with the standard settings of CropSyst. In the same spirit, photoperiod for 
winter wheat was simulated as in the standard version of the model, but for 
wheat and canola vernalization was adjusted to match observed dates of 
flowering. To drive vernalization, a crop parameter file provided by ISCI 
(Istituto Sperimentale per le Colture Industriali, Bologna, Italy; M. Donatelli, 
pers. comm.) was used. 
For calibration and all subsequent simulations, a silty-clay soil was assumed 
(26% sand, 38% clay and 36% silt), with permanent wilting point at 0.21 m3 m-
3, saturated hydraulic conductivity equal to 0.36 m d-1, air entry potential of -
2.39 J kg-1, and bulk density of 1.28 g m-3. A laboratory analysis of soil samples 
from the ‘Burgrain’ field trial suggested a soil organic matter content of the 
order of 2.6 %, which is higher than but overall consistent with the estimate of 
1.5 % determined by Leifeld et al. (2005) as an average value for the Swiss 
Plateau. 
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Table 1. Crop parameters considered in the calibration, with corresponding values 








      
 Maximum root depth (m) 1.5 1.5 1.25  
 Harvest index (-) 0.55 0.48 0.45  
 GDD for emergence (°C-day) 40 30 100  
 GDD for flowering (°C-day) 700 1150 330  
 GDD for leaf duration (°C-day) 1100 1300 1000  
 GDD for grain filling (°C-day) 840 1300 450  
 GDD for maturity (°C-day) 1250 1700 1200  
 Base temperature (°C) 7 3 6  
 Cut-off temperature (°C) 20 22 22  
 Maximum LAI (m2 m-2) 7 6 5  
 Light to biomass conversion (kg MJ-1) 3.6 3.5 1.5  
 Light extinction coefficient (-) 0.45 0.48 0.45  
 Transpiration to biomass coefficient (kPa) 7 5.8 8.4  
 ET crop coefficient (-) 1.2 1.05 0.8  
 AT/PT ratio limiting leaf expansion (-) 0.95 0.95 0.8  
 AT/PT ratio limiting root expansion (-) 0.45 0.5 0.5  
 Maximum water uptake (mm d-1) 11 10 11  
 Initial green LAI (m2 m-2) 0.011 0.011 0.011  
 Specific LAI (m2 m-2) 22 22 30  
 Stem/leaf partitioning coefficient (-) 2.8 5 3  
 Critical xylem water potential (J kg-1) -1200 -1300 -1500  
 Wilting xylem water potential (J kg-1) -1800 -2000 -2500  
 Phenological sensitivity to water stress (-) 1 1 1  





Table 2. Observed and simulated dates of sowing and harvest as well as observed and simulated yields for maize, winter wheat and winter 
canola. These data were used as benchmark for calibrating CropSyst. 
 





         Maize 1 ~4 May ~30 Oct ~25 Oct 7.8 7.8  
 Winter wheat 2 ~10 Oct ~3 Aug ~9 Aug 6.1 6.8  
 Winter canola 3 ~5 Sept ~17 Jul ~27 Jul 2.8 3.0  
1 Chaiblen study (years 1989, 1992-1994, 1997-1999), the harvest dates are missing. Observed and simulated harvest dates refer to Burgrain 
study (in parenthesis). 
2 Chaiblen study (years 1990, 1993, 1995, 1998, 2000) and Burgrain (1990). 
3 Canola cultivar survey (1999-2001). 
 




1.4.1 Model testing 
 
The model was tested against farm census data collected since the early 
seventies by the research station of the Swiss Federal Office for Agriculture 
located at Taenikon (ART 2002). The census refers to a few thousands 
prototype farms spread all over the Swiss territory (the exact number varies 
from year to year), providing information on geographic location, cultivated 
area, crop yield and management costs, but not on seeding and harvest dates, 
nor rates of fertilizer applications. 
Three regions were considered for the analysis. They were defined as the areas 
within a distance of 15 km from the three meteorological stations of 
Waedenswil, Taenikon and Lucerne (see Sections 2 and 3 for the coordinates). 
Census data from farms within these areas were aggregated and mean and 
standard deviation were used for comparison with the simulations. The results 
are presented in Fig. 5. Note that only the data up to 1993 were retained, 
because a change in the agricultural practice from a high-input to a low-input 
management took place in that year. 
The figure shows that, with a few exceptions (in particular maize yield at 







Figure 5. Zea mays L., Triticum spp. L. 
and Brassica napus L. (left to right). 
Comparison between simulated (solid 
line) and observed (dashed lines) yields 
for the stations of Waedenswil (top), 
Taenikon (middle) and Lucerne (bottom). 
Both mean (thick dashed line with dots) 
and range (±1 standard deviation, thin 
dashed line) of the observations are 
depicted. The data cover the period 1982-
1993. Note that the number of 
observations varies depending on station, 
crop and year (minimum of 3, maximum 
of 38). 
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1.4.2 Effects of climate change and elevated CO2 
 
Results of simulations for rainfed cropping referring to current climatic 
conditions (‘Baseline’) and either climate scenarios without (‘CM-‘, 
respectively ‘CC-’) or including (‘CM+‘, respectively ‘CC+’) the effects of 
elevated CO2 concentrations are presented in Fig. 6. 
For all three crops, climate change alone (CC-) resulted in a marked reduction 
of the median yield (-34, -26 and -46 % for maize, winter wheat and canola, 
respectively) and a substantial increase in the coefficient of yield variation of 
maize and canola (+60 and +130 %, respectively). For winter wheat, on the 
other hand, a decrease in the coefficient of yield variation was simulated with 
the CC- scenario (-30%). 
With elevated CO2 (CC+), median yields of maize and canola were still below 
the baseline level (-11 % and –12 %, respectively) and CVs were larger (+60 
and +180 %, respectively), but for wheat the median yield increased by 3 % and 
the CV decreased by roughly 40 %. 
Differences between the CM and CC simulations were systematic, though 
specific for each crop. For maize, the reduction in mean yield and the increase 
in the coefficient of yield variation (CV) were less pronounced with respect to 
the CM than the CC scenario. For wheat, shift in mean yield was larger and 
increase in CV was higher in the CM than in the CC simulation. A decrease in 
the CV was also indicated for canola, while a slight increase was found for 
winter wheat. For both winter crops, phenology and biomass accumulation 
proved to be very sensitive to the climatic conditions of late autumn and early 
spring. For canola, unrealistic delays in development and yield deficits were 






Figure 6. Zea mays L., Triticum spp. L. and Brassica napus L. (left to right). Simulated yields for baseline climate and climate change scenarios 
without (CC-) and with (CC+) consideration of elevated CO2 concentrations. Rainfed cultivation is assumed. Numbers associated to the box plots 
indicate the coefficient of variation. Box plots show median (horizontal line), 25th and 75th percentiles (box), 10th and 90th percentiles 
(whiskers), and outliers (crosses). 
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Reduction of the mean yield in the CM- and CC- simulations was associated 
with a shortening of the growing period, which was the consequence of 
increasing temperatures. If compared to the baseline, the length of the growing 
period (sowing to maturity) in the CM/CC scenarios decreased from 131 to 
105/105 days for maize, from 274 to 246/263 days for winter wheat and from 
331 to 287/290 days for winter canola. 
The effects of irrigation are only shown for maize (Fig. 7) because in northern 
Switzerland shortage of water is effectively limiting biomass accumulation only 
in summer and early autumn (Jasper et al. 2004) and is therefore irrelevant for 
the productivity of the two winter crops (not shown). As expected, irrigation 
increased yield and slightly improved yield stability. With irrigation the 
reduction in median yield relative to the baseline was of 23 % in CC- (34 % in 
the rainfed simulation), but baseline yield levels were maintained in the CC+ 
simulation (reduction by 11 % in the rainfed simulation). With irrigation, CVs 
under climate change conditions were still considerably larger than in the 
baseline (+38 and + 36 % in CC- and CC+, respectively), but nevertheless 
significantly smaller than in the rainfed simulations. 
 
 
Figure 7. Zea mays L. Simulated yield under present-day (baseline) and future 
climatic conditions for rainfed (grey) and irrigated (white) cultivation. For 







1.4.3 Sensitivity to GDD requirements 
 
Crops hybrids with differing thermal time requirements are already grown under 
current climatic conditions (Burton et al. 2004, Duvick 2005), and consideration 
of these differences could be one of the keys for developing effective measures 
of adaptation to climate change (Southworth et al. 2000). 
The sensitivity of yield with respect to growing degree-days (GDD) 
requirements was examined by proportionally increasing the GDD thresholds 
given in Table 1 by +20 and +40 % (slower maturing cultivars). A proportional 
reduction by 10 % in the GDD requirements was also examined to see whether 
a shortening of the growing season could prevent exposure to drought. 
As seen in Fig. 8, median yield was indeed found to be highly sensitive to 
changes in GDD. A reduction in GDD by 10% resulted in lower median yield 
and increased CV for all three crops. 
As opposed to this, higher GDD requirements had a positive impact on median 
yield. Under the assumption of a 40 % increase in GDD, improvements relative 
to the CC+ simulation were of +58 %, +33 % and +75 % for maize, wheat and 
canola, respectively. For canola, imposing higher thermal requirements also 
markedly reduced the CV of yield (-55 and -63 % relatively to the CC+ 
simulation for a GDD increase of 20 and 40 %, respectively). 
 




Figure 8. Zea mays L., Triticum spp. L. and Brassica napus L. (left to right). Effect of relative shifts in thermal time requirements (GDD) on 




1.4.4 Sensitivity to sowing date and to combined adjustments 
 
In the baseline simulations, sowing of maize, winter wheat and winter canola 
was prescribed on May 10, October 10 and August 25, respectively. The 
sensitivity of yield with respect to shifts in sowing date was examined in 
relation to the CC+ scenario with anticipations of 30 and 50 days in the case of 
maize (Fig. 9) and delays of 30 and 50 days in the case of winter wheat and 
winter canola (not shown).  
 
 
Figure 9. Zea mays L. Effect of shifts in sowing date (SD) on yield and yield 
variability under climate change conditions. For box plot details see Fig. 6. 
 
We speculated that a later sowing of winter crops could have some advantages 
with respect to the rotation of spring and winter crops, leaving a wider time 
window after the harvest of spring crops. However, the results of the 
simulations showed that the impact on yield was marginally (wheat) or 
considerably (canola) negative. 
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For maize, the anticipation of the sowing date had beneficial impacts on yield 
and yield stability, reducing the coefficient of yield variation by roughly 20 % 
relatively to the simulation with standard sowing date. 
In view of the above results, for maize we also considered a combination of 
adjustments. The effects of increased GDD and earlier date of sowing are 
illustrated in Fig. 10 as a plot of mean yield vs. standard deviation. Mean yield 
and yield variability were to a high degree determined by the changes in the 
GDD. A positive effect of earlier sowing date on yield stability could only be 
detected in combination with a moderate increase in the GDD requirements. 
 
 
Figure 10. Zea mays. Combined effect of an increase in growing degree day (GDD) 
requirements and an anticipation of the sowing date, under climate change 
conditions and elevated CO2 concentrations, on maize yield and yield variability. 
Changes in GDD (+20 and +40%) are relative to the baseline. Anticipation of the 
sowing date (0, -30 and -50 d) is given next to the symbols. Black dot: Result for 







It is currently believed that elevated CO2 concentrations and global warming 
will amplify the inter-annual variability of summer climate in central and 
Eastern Europe (Beniston & Diaz 2004). Climatic conditions in these areas 
could thus become comparable to those found in the Mediterranean basin, 
implying increasing risks to yield for spring crops during the course of the 21st 
century (Olesen & Bindi 2002, Porter & Semenov 2005, Fuhrer et al. 2006). 
While the importance of taking into account changes in climate variability in 
deriving regional climate scenarios is out of discussion (Mearns et al. 1997), 
there is actually no unique approach to do so. Use of weather generators can be 
recommended when historical weather records are sufficiently long to achieve a 
realistic and reliable conditioning of the statistical models implemented in the 
generators. The adjustment of observed weather data with anomalies derived 
from simulations with climate models (Houghton et al., 2001), on the other 
hand, has the advantage of being straightforward and taking care of biases in the 
model output, which are substantial in relation to the precipitation field over the 
Alpine region (Frei et al. 2003). 
Here we propose a simple method for developing unbiased climate scenarios, 
whereby observed daily data are adjusted with monthly anomalies that reflect 
the full changes in the probability distribution of each of the climatic elements. 
The method preserves the relationships between precipitation, on the one hand, 
and solar radiation, temperature and air humidity, on the other hand. This is 
strictly needed for simulating climate change impacts on crop productivity. 
The main weakness of the proposed procedure is that it does not take into 
account day-to-day changes in weather patterns. This also means that the 
frequency of rainfall events is left unchanged. We note, for the time being, that 
shifts in the occurrence of rainfall can be as important as changes in rainfall 
intensity (Calanca 2006) and that a simultaneous frequency and intensity 
correction of modelled daily rainfall was recently explored by Ines & Hansen 
(2006). 
With respect to mean climate, the main features of CC scenario developed for 
this study were an increase/decrease in winter/summer precipitation, an increase 
in solar radiation in spring and summer, a systematic increase in air 
temperature, and a decrease in air humidity in summer and autumn. These 
characteristics were in general agreement with projections from an ensemble of 
scenarios used in an earlier study (Jasper et al. 2004). But unlike in these earlier 
scenarios, we only found a slight decrease in the variability of summer 
precipitation, an increase/decrease in the variability of solar radiation in 
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spring/late summer, and a substantial increase in both the variability of 
temperature and humidity during summer. 
Overall, the impact of the scenario on the simulated yield of maize, winter 
wheat and winter canola was to lower the mean productivity and, for maize and 
canola, to induce a larger year-to-year variability. The negative impact of CC 
was striking when ignoring the effects of elevated CO2 concentrations (scenario 
CC-) and less pronounced when considering CO2 stimulation of crop growth 
(CC+). This latter result, however, need to be verified in the future. As in other 
crop models, in CropSyst the parameterization of the CO2 effects was originally 
inferred from data reported by Kimball (1983). Conclusions drawn from the 
data have recently been questioned by Long et al. (2006) who have reviewed 
findings from more recent free-air concentration enrichment (FACE) 
experiments. 
Systematic differences were found between CC and CM simulations, 
emphasizing the importance of year-to-year variations in the climate settings. 
These differences were crop specific, with dissimilarities not only in the 
response of spring and winter crops, but also in the response of the two winter 
crops considered. This means that conclusions regarding the impact of climate 
change on crop productivity drawn for a particular crop can not necessarily be 
extended to other crops (see also Porter & Semenov 2005). 
In our model study, the negative effects of climate change were mainly 
associated with the impacts of higher temperatures on phenology, namely the 
acceleration of crop development (Porter 2005). Estimates for the reduction in 
the length of the grain-filling period are currently set between 1 and 2 d (oC)-1 
(Olesen 2005), whereas estimates for the advancement of maturity dates are 
given in the order of one month per 4 °C increase in mean temperature 
(Tubiello et al. 2000). In our simulations, the shortening of the growing period 
was significant for all crops. For maize a higher incidence of water stress was 
also indicated. 
The reduction in mean yield of maize by about 8% in response to CC+ 
compares well with results for two Italian locations (-13%, Tubiello et al. 2000) 
even though our simulation does not account for the negative impact of heat 
stress on maize fertility (Challinor et al. 2005). As suggested by Fig. 7, current 
levels of productivity of spring crops can effectively be maintained through 
irrigation. 
The above discussion applies to the unrealistic situation of no change in crop 
management in response to new climatic conditions. Options for autonomous 
adaptation exist and should be further explored in the future (Olesen & Bindi 
2002). Since growth and yield are contingent on the duration of phenological 
phases (Horie 1994), increasing the GDD requirements in the simulations was 
the simplest way to mimic slower maturing cultivars that could be obtained 
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through genetic improvement (Duvick 2005). The simulations indicated that 
increasing GDD requirements is highly effective in overcoming negative effects 
of CC; resulting yields clearly exceeded baseline levels for all crops. However, 
increasing the GDD requirements may not necessarily improve yield stability, 
since for maize and wheat (but not for canola) the simulated increase in mean 
yield was associated with a larger coefficient of yield variation. 
The other simple possibility to adapt to the new climatic conditions that we 
explored in our study was a shifting of the planting dates to allow crop 
developments during more favourable conditions, i.e. earlier sowing of spring-
sown crops and later sowing for winter cereals. The simulations showed that 
advancing the sowing date is an effective measure to counteract CC with respect 
to spring or summer crops. But delays of planting date for winter crops made it 
difficult to obtain a realistic phenology and plant development. 
Several important issues could not be addressed in our investigation. For 
instance, field studies have shown that a modification in the activity of plant 
diseases and weeds resulting from shifts in sowing date can be relevant for 
quantity and quality of grain yield (Hossain et al. 2003, Kirby et al. 1985). 




In this study, a simple method was proposed to derive unbiased climate 
scenarios from the output of climate models. Application of the scenarios to the 
analysis of crop yield confirmed the differential sensitivity of crops to climate 
change. Of the three crops studied, winter wheat was the only to respond 
positively to climate change in combination with elevated CO2. Without CO2 
fertilization, the average impact of climate change on harvestable yield was 
consistently negative. 
The results proved to be sensitive to the choice of seeding date and thermal time 
requirement. For maize, a combination of simple measures of adaptation was 
effective in overcoming the negative effects of climate change, but for the 
winter crops improvements could only be simulated with respect to an increase 
in the GDD requirements. These results suggest that there is no general rule for 
adapting different crops to new climatic conditions. 
Our study focused on the north area of Switzerland. Experiments with regional 
and global climate models agree in indicating for this region a transition from a 
temperate to a more arid summer climate during the coming decades. The 
implications of these changes that we simulated with CropSyst for maize were 
consistent with those of previous studies. Less certain are the conclusions with 
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respect to winter crops. This is partly due to remaining difficulties in correctly 
reproducing phenology, leaf-area development and yield of winter crops. 
Improving the model behaviour in this respect is a necessary step toward a more 
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A statistical model of yield was used to assess the impact of climate change on 
maize productivity and associated economic risk in Switzerland. Changes in the 
precipitation regime were shown to affect the distribution of yield considerably. 
But while the moments of the distribution responded to shifts in both long-term 
mean as well as inter-annual variability of seasonal rainfall, production risk was 
primarily affected by a change in the long-term mean. Anticipation of the 
sowing date was shown to reduce the negative impact of climate change on 
yield stability, but was not sufficient to ensure average productivity levels as 
observed at present. We argued that this reflects the reduction in the duration of 
growing season, which has a stronger impact than suggested by previous 
studies. Finally, the model was applied to obtain probabilistic scenarios for 
productivity and associate production risk, showing that projection uncertainties 
can be quantified rather easily. 




Climate change as projected by climate models for the 21st century has the 
potential to significantly alter the conditions for crop productions, with 
important implications for worldwide food security (Rosenzweig & Hillel 
1998). Referring to the Intergovernmental Panel on Climate Change Special 
Report on Emissions Scenarios (SRES; Nakicenovic & Swart 2000), Parry et al. 
(2004) estimated that while global production is likely to remain stable for most 
of the century, regional differences could grow stronger through time, with only 
developed countries benefiting from climate change. 
Regional differences in the response of crop productivity to climate change are 
also likely to emerge in Europe. As reported by Olesen & Bindi (2002), climate 
change is expected to have positive impacts only in the northern countries. 
Southern areas, on the other hand, would have to face increasing water shortage 
and incidence of extreme weather events. Without adaptation, lower harvestable 
yields, higher yield variability and a reduction in suitable areas for traditional 
crops would be the consequences for the agriculture of southern and south-
eastern Europe. 
In Switzerland, increasing temperature and decreasing summer precipitation 
could, in the absence of adaptation, also prove adverse to the rainfed production 
of spring and summer crops. Taking maize (Zea mays L.) as an example and on 
the basis of a temperature increase of 5 °C and a decrease in summer 
precipitation of roughly 30 %, Torriani et al. (2007a) calculated that average 
yields could decrease by 10 % even when the effects of a doubling of the 
atmospheric CO2 concentration are taken into account. They also found that the 
coefficient of yield variation could increase by as much as a factor of two, 
implying depressed yield stability and higher production risks. 
At the regional level, changes in yield behaviour in relation to climate can entail 
consequences for the economy of farms. Even in areas profiting from 
favourable conditions at present, an increasing probability of low returns as a 
consequence of climate change could become of concern for farmers operating 
at the limit of economic stress. This could be the case in central Europe, 
including Switzerland. Assessing the possible impact of climate change on 
production risks is therefore necessary to help decision makers and stakeholders 
decide upon suitable measures of adaptation. From a practical point of view, 
this requires knowledge of how the distribution of yields responds to changes in 
the climatic settings (Kaylen & Koroma 1991; Park & Sinclair 1993). 
There are two ways to infer a distribution of yields from climatic data. A first 
possibility is to use process-based models of crop growth along with a set daily 
weather data spanning a reasonable number of years. This approach is often 
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adopted for regional assessments (e.g. Tubiello et al. 2000; Torriani et al. 
2007a) because the level of complexity of mechanistic models opens the field 
for detailed investigation. 
A second possibility is to infer the distribution of yield from the distribution of 
climate using a statistical model. Also known as transfer functions or 
production functions (Hexem & Heady 1978), models of this second kind are 
widely used in econometric studies (e.g. Just & Pope, 1978; Moss & 
Shonkwiler 1993; Chen et al. 2004) and also in global assessments (e.g. Parry et 
al. 2004). Despite obvious limitations with respect to crop physiology, well-
calibrated statistical models have the advantage of being robust and 
computationally cheap. 
In this article we examine the use of statistical models for the regional 
assessment of climate change impacts on crop production and production risks. 
The study is intended as an extension of the investigation of Torriani et al. 
(2007a). Its focus is again on maize production in Switzerland. Maize was 
chosen because it is one of the most important cereals both for human and 
animal consumption (Doorenbos & Kassam 1986). According to the statistics of 
the Food and Agriculture Organization of the United Nations 
(http://faostat.fao.org/), in the 25 countries of the European Union maize 
production presently accounts for slightly less than 20 % of the total cereal 
production. In Switzerland, with nationwide yields of 9.7 t ha-1 at present, 
maize production shares an 18 % of the total cereal production (statistics of the 
Swiss Farmers’ Union; http://www.bauernverband.ch/en/). 
The specific aims are: 
• To devise a statistical model of yield that exhibits a minimum of 
coherence with the fundamentals of plant physiology; 
• To demonstrate the reliability of the model for determining the 
distribution of maize yield in Switzerland under present climatic 
conditions; 
• To study the sensitivity of rainfed maize production and associated 
production risk to changes in the precipitation regime; 
• To study the response of maize yield to climate change given a specific 
climate scenario; 
• To show how such a model can be used to quantify uncertainties in 
yield projections given probabilistic climate scenarios. 
We think that the last issue is of particular relevance, because probabilistic 
approaches for quantifying uncertainties in crop production scenarios as 
explored in more detail e.g. by Jones (2000) or Luo et al. (2005) are still not 
very common in regional impact studies. 
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2.2 Materials and methods 
 
2.2.1 Model development 
 
About 30 years ago, Monteith (1972 and 1977) showed that with an adequate 
supply of water and nutrients harvestable yield of determinate crops can be 
estimated alone from knowledge of the total amount of solar radiation absorbed 
by the canopy during the course of the growing season. Extending this idea, we 
present below a statistical model that predicts maize yield from seasonal course 
of temperature, T, and seasonal values of incoming solar radiation, SR, 
precipitation, P, and the atmospheric vapor pressure deficit, VPD. We will refer 
to either seasonal mean values,  T , P , SR and, VPD  or seasonal integrals, 
〈T〉, 〈P〉, 〈SR〉 and 〈VPD〉, respectively. 
Following Monteith (1972) we first express potential yield, Ypot, as a linear 
function of seasonal mean solar radiation: 
 
GSradpot SRY τ⋅⋅ε≈  (1) 
 
where εrad is the efficiency of yield formation and τGS the length of the growing 
season. The latter is considered as a free parameter that can be adjusted to 
account for the specific characteristics of the crop or cultivar, including leaf-
area development (Muchow et al. 1990) and harvest index. 
We then relate actual yield, Y, to Ypot by introducing two limiting factors, ηθ 
and ηVPD: 
 
potVPD YY ⋅η⋅η= θ  (2) 
 
where θ stands for the soil water content. The two limiting factors account for 
water stress resulting from shortage of the water supply to the roots and heat 
stress resulting from an excessive transpirative demand from the leaves under 
conditions of elevated levels of the VPD (Monteith 1977). 
Soil water shortage reduces biomass accumulation and evapotranspiration in 
comparable proportions (Doorenbos & Kassam 1986). For this reason, the ratio 
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of actual to potential evapotranspiration, potET/ET , can be adopted as a proxy 
for ηθ. As discussed in Budyko (1974), on a seasonal to annual time scale, this 
















where c is a specific parameter. For the climatic conditions of Switzerland 
potET  can be estimated from the seasonal mean net radiation, NR , with help 











⋅α=  (4) 
 
where α = 1.26 is the Priestley-Taylor coefficient, ∆ the slope of saturation 
vapor pressure function of temperature, evaluated at the seasonal mean 
temperature T , γ the psychrometric constant and Lv the latent heat of 
vaporization (Calanca 2004). Following Davies (1967), a linear relation is used 
to derive NR  from SR . For Switzerland data of the Baseline Surface 
Radiation Network (Ohmura et al., 1998) suggest NR  ≈ a + b⋅SR  with 
coefficients a ≈ -20 W m-2 and b ≈ 0.62. 
To model ηVPD, we note that for values of the VPD in excess of about 5 hPa (C. 
Körner, pers. comm.) the reduction in the transpiration efficiency of crops is 
nearly inversely proportional to the VPD (Tanner & Sinclair, 1983). This 










⋅−+=η  (5) 
 
where k, m and n are again specific parameters. 
The seasonal statistics appearing in equations (1) to (5) refer in principle to the 
full growing season, from emergence to maturity. For many determinate crops 
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most of the biomass accumulation takes place during a so-called linear growth 
phase (Goodrian & Monteith 1990; Monteith 2000; Yin et al. 2003), which is 
easily defined from the seasonal course of temperature (see next section). We 
therefore chose to calculate P , SR  and VPD  as mean values over the linear 
growth phase. 
To determine production risks we specify an economic framework. We define 
critical yield as the threshold necessary to ensure positive net revenue for the 
farmers. For a market price of grain yield pi and specific production costs χ(Y), 
Ycr is found by solving: 
 
( )crcr YY χ≡⋅pi  (6) 
 
Production risk can then be defined as the long-term probability that the actual 
grain yield, Y, falls short of a critical threshold, Ycr: 
 
{ } ( )crYF≡≤= crYYProbRisk  (7) 
 
where F(Y) is the yield distribution function, with associated mass probability 
function f(Y). 
 
2.2.2 Model parameterization 
 
Values for the parameters in equations (1) to (5) were determined on the basis 
of simulations carried out with CropSyst (Stockle et al. 2003), a soil-plant 
growth simulator that computes biomass accumulation and phenology at a daily 
time step for perennial and non-perennial crops. Inferring the parameters by 
statistical analysis of field data would have been the alternative. We found, 
however, that relying on the detailed information provided by CropSyst 
facilitates the analysis of the individual model components. 
CropSyst was calibrated as described in Torriani et al. (2007a). Maize yields 
were simulated for Waedenswil (8°41’ E, 47°13’ N, 463 m.a.s.l.), a 
representative location on the Swiss Plateau. Daily meteorological data required 
on input to CropSyst were obtained for the time window 1981-2003 from the 
Swiss Federal Office of Meteorology and Climatology. Additional simulations 
were carried out with synthetic data for precipitation and air relative humidity. 
This was necessary to sample a wider spectrum of climatic conditions than 
represented in the observations. The synthetic data were generated by reducing 
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the observed daily rainfall amounts by 20, 40 and 60 % and by prescribing air 
humidity in the range 10 to 100 %, leaving all other data unchanged. 
Soil hydraulic properties were specified for a soil texture with 38 % clay, 36 % 
silt and 26 % and 2.6 % relative soil organic matter content. Optimal nitrogen 
fertilization and automatic irrigation were prescribed to calculate potential 
yields. The sowing date was set at day of the year (DOY) 130 and harvest was 
assumed to take place 5 days after maturity. Base temperature of 7 °C and cut-
off temperature of 20 °C were specified to calculate growing degree days 
(GDD) (Stockle et al. 2003). Based on the simulation results, thermal time 
requirements of 400 and 1250 °C-days were taken as limits of the linear growth 
phase (Fig. 1). Over the 23 years of simulation, these limits correspond to DOY 
182 and 273, on average. 
At 350 ppmv atmospheric CO2, the efficiency of yield formation inferred for 
this location from the simulations was εrad = 0.069 t ha
-1 (W m-2)-1, while values 
for the parameters in equations (3) and (5) were c = 1.33, k = 7.494 hPa, m = 
0.251 and n = 1.607 (Fig. 2). 
 
 
Figure 1. Biomass accumulation in the years 1981 to 2003 as a function of the 
growing degree days; simulations with CropSyst for the test site of Waedenswil. 
The values of 400 and 1250 GDD chosen to delimit the linear growth phase are 
highlighted with vertical lines. 
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2.2.3 Model testing 
 
To test the statistical model, probability distribution functions were computed 
for two other locations on the Swiss Plateau, Wynau (7°47’ E, 47°15’ N, 422 
m.a.s.l.) and Taenikon (8°54’ E, 47°29’ N, 536 m.a.s.l.), and contrasted with the 
distributions inferred from a census of yield data collected between 1975 and 
2001 by the Swiss Federal Research Station Reckenholz-Tänikon (ART 2002). 
The nationwide census refers to a few thousands prototype farms spread all over 
the Swiss territory and provides information on geographic location, cultivated 
area, crop productivity and management costs. Unfortunately, number and 
location of farms varies from year to year, which is certainly a drawback for 
retrieving regional statistics (see below). The mean yield of farms within a 
distance of 15 km from the respective test sites was considered for the analysis. 
For both locations, daily climatic data for 1981-2003 were again obtained from 
the Federal Office of Meteorology and Climatology. At each location, the 
annual course of temperature was considered to adjust the length of the linear 
growth phase The efficiency of yield formation, εrad, was tuned as well to 
account for possible differences in cultivars and management. 
As seen in Fig. 3, the simulated probability distribution functions matched those 
inferred from the census data satisfactorily. At Wynau the median yield was of 
8.6 t ha-1 and the inter-quartile range was of 1.0 t ha-1 for the modeled and 1.2 t 
ha-1 for the observed distribution. At Taenikon the median yield was of 8.2 





Figure 2. Relationships between ηθ and the ratio of 〈P〉 to 〈ETpot〉 (top panel) and 
between ηvpd and 〈VPD〉 (bottom panel). Results of simulations with CropSyst for 
Waedenswil. 
 
Appreciable differences were found in the details. For instance, the modeled 
distribution at Taenikon is negatively skewed, while a symmetric distribution is 
suggested by the census data. However, since the number of data available in 
the census varies from year to year (from a minimum of 2 in 1997 to a 
maximum of 13 in 1988 at Wynau, and from a minimum of 4 in 1987 and 2000 
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to a maximum of 18 in 1989 at Waedenswil), it can not be excluded that the 




2.3.1 Sensitivity analysis: response to changes in the 
precipitation regime 
 
In a first application, the statistical model was used to study the response of 
maize yield distribution and associated production risk to changes in the 
precipitation regime, including shifts in both the long-term mean as well as the 
inter-annual variability. To provide a possibility for comparison with the results 
presented in Torriani et al. (2007a), the analysis was conducted with respect to 
the station of Waedenswil. 
Long-term averages of seasonal rainfall, m(〈P〉), between 200 and 500 mm and 
corresponding inter-annual standard deviations, s(〈P〉), in the range 50 to 150 
mm were specified to provide a reasonable coverage of current and future 
rainfall regimes. 
A distribution of climate was obtained for each combination of long-term mean 
and inter-annual standard deviation by assuming that 〈P〉 stems from a gamma 
distribution, with shape and scale parameters calculated using the moment 
estimators (Wilks 2006). A set of 30’000 realizations was drawn at random 
from the distribution to provide actual values of 〈P〉. 
Distributions of T , SR  and VPD  were generated taking into account their 
dependence on 〈P〉 and mutual relations. In principle this would have required 
simulating the joint distribution of climate for each combination of m(〈P〉) and 
s(〈P〉). Clearly this was not possible. Hence, T , SR  and VPD  were assumed 
to consist of the sum of a deterministic term, linearly depending on 〈P〉, and a 
normally distributed stochastic component with zero mean and appropriate 
standard deviation. Deterministic and stochastic components were fitted to the 
observed climatology (Fig. 4) and were assumed valid also for every other 




Figure 3. Histogram (bars), empirical probability density function (thin continuous 
line) and modeled probability density function of maize yield (thick dashed line) at 
Wynau (top panel) and Taenikon (bottom panel). 
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Figure 4. Deterministic (left) and stochastic (right) components of seasonal mean 
air temperature (top), solar radiation (middle) and VPD (bottom). Data for 
Waedenswil, covering the years 1981-2003. The panels on the right-hand side show 
both the empirical distribution of the residuals (histogram and dashed line) as well 
as the assumed zero-mean normal distribution (continuous line). Precipitation is 
displayed in terms of the seasonal total rainfall, [P]. 
 
Underlying the computation of the critical yield were economic data related to 
maize production in Switzerland published by Lips & Ammann (2005). A 
summary of the most important entries is given in Tab. 1. Evidently, some of 
the voices in the economic accountancy depend on yield. Hence, critical yields 
were initially calculated according to Lips & Ammann (2005) for yield variants 
of 7.5, 8.5, 9.5, 10.5 and 11.5 t ha-1. A linear relation was then fitted to these 
results and used to determine Ycr for the full range of yields. 
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Table 1. Economic accountancy of maize production in Switzerland. Data valid for the year 2004. 
Yield (t ha-1) 7.5 8.5 9.5 10.5 11.5 
Costs      
Seeds (CHF ha-1) 272 272 272 272 272 
Fertilizer (CHF ha-1) 249 249 249 249 249 
Plant protection (CHF ha-1) 217 217 217 217 217 
Cleaning and drying (CHF ha-1) 805 912 1019 1127 1234 
Hail insurance (CHF ha-1) 61 69 77 85 93 
Other direct costs (CHF ha-1) 7 7 7 7 7 
Labor costs (CHF ha-1) 764 764 764 764 764 
Machinery costs (CHF ha-1) 1345 1359 1368 1368 1368 
Land value (CHF ha-1) 718 718 718 718 718 
Interest rate costs (CHF ha-1) 38 40 43 46 49 
Other indirect costs (CHF ha-1) 728 728 728 728 728 
Benefits      
Producer benefits (CHF ha-1) 3375 3825 4275 4725 5175 
Other benefits (CHF ha-1) 41 41 41 41 41 
Direct payments (CHF ha-1) 1600 1600 1600 1600 1600 
Balance (CHF ha-1) -187 130 453 785 1116 
      
Critical yield (t ha-1) 8.05 8.12 8.18 8.21 8.24 
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The results of the sensitivity analysis are displayed in Fig. 5. As seen in this 
figure, the distribution of maize yields responds markedly to changes in m(〈P〉) 
and s(〈P〉). Under current climatic conditions (dots in Fig. 5), mean, standard 
deviation and skewness of the distribution of yields are of 8.5 t ha-1, 0.75 t ha-1 
and 0.1, respectively. Decreasing m(〈P〉) or increasing s(〈P〉) depresses mean 
yield and yield stability, makes the skewness increasingly negative and 
increases the risk of critical yields. 
The sensitivity of production risk to shifts in s(〈P〉) appears to be less 
pronounced than for the moments of the distribution. This reflects the fact that, 
according to the economic model, basic risk is primarily determined by the 
overall level of productivity and only secondarily by the spread and asymmetry 
of the distribution. 
 
 
Figure 5. Sensitivity of the long-term mean (top left), inter-annual standard 
deviation (top right) and skewness (bottom left) of maize yield, and of the 
probability of a critical yield (bottom right) to changes in mean and standard 
deviation of the seasonal precipitation. Simulations for Waedenswil. Current 




2.3.2 Case study: a maize yield scenario for 2071-2100 
 
In Torriani et al. (2007a) specific yield scenarios for 2071-2100 were calculated 
on the basis of a climate scenario inferred from results of simulations with 
HIRHAM4, the regional climate model of the Danish Meteorological Institute 
(Christensen et al. 1998). These regional climate simulations were originally 
carried out as a contribution to the PRUDENCE project and are available 
though the project webpage (http://prudence.dmi.dk/). Details of the model 
setup and data processing can be found in Christensen et al. (1998) and Torriani 
et al. (2007a). 
Given the biases in reproducing current climatic conditions with regional 
climate models (Frei et al. 2003; Frei 2007), an anomaly approach was chosen 
to derive a climate distribution for the time window 2071-2100. Relative 
changes in long-term mean P  and SR , absolute changes in long-term mean T  
and VPD , and relative changes in the respective inter-annual standard 
deviations as simulated by HIRHAM4 for the grid-point with coordinates 8°35’ 
E and 47°15’ N (608.98 m above sea level) were used as adjustments to the 
statistics inferred from the observed climatology at Waedenswil. 
As before, a distribution of climate was constructed by assuming that seasonal 
precipitation is gamma distributed and that T , SR  and VPD  can be 
approximated as the sum of a deterministic function of 〈P〉 and a normally 
distributed stochastic component. The relations depicted in Fig. 4 were 
recalculated for the scenario from adjusted time series of seasonal mean values 
)y(x~ , x being either P, T, SR or VPD and y being the year. The )y(x~  were 
derived from the original time series )y(x  requiring that they satisfy the 
moment relations: 
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xsx~ scs ⋅=  (10) 
 
where m represents a long-term average, s an inter-annual standard deviation, 
m∆  an absolute anomaly and cm and cs relative anomalies. Relations (8) to (10) 
are valid if: 
 




[ ]xsxm m)y(xcmc)y(x~ −⋅+⋅=  (12) 
 
Since changes in temperature affect the timing and length of the growing 
season, two scenarios were actually generated. The first one (referred to as SC 
hereafter) was calculated assuming that the same limits of the linear growth 
phase as in the baseline. The second one (referred to as AD hereafter) was 
derived assuming an anticipation of the growing season, with limits of the linear 
growth phase set at DOY 155 and 223 according to the annual course of 
temperature. 
As seen from the numbers in Table 2, differences between the two scenarios are 
striking. The AD scenario is characterized by only little change in precipitation 
in comparison to the baseline, a less severe increase in the seasonal mean VPD 
and a more substantial increase in the daily mean incoming solar radiation than 
observed for the SC scenario. Note however, that the total radiation received by 
the canopy in AD is actually smaller in the baseline, due to the reduction in the 
length of the growing season. 
Despite the peculiarities of AD and SC, the two yield scenarios simulated with 
the statistical model are quite similar (Fig. 6). The median yield is 7.3 t ha-1 for 
SC and 7.2 t ha-1 for AD. These values should be contrasted with the 8.5 t ha-1 
computed for the baseline, and indicate that climate change is likely to have a 
negative impact on yield, irrespective of whether an anticipation of the growing 




Table 2. Absolute and relative anomalies of the long-term mean values and 
interannual standard deviation for each of the climatic parameters considered in the 
model. Values in the first two columns refer to the scenario without shift in the 
growing season; values in the third and fourth column refer to the scenario with 




no shift of the growing 
season 
Scenario 2: 
anticipation of the growing 
season 
 mean standard dev. mean standard dev. 
〈T〉 ∆ = + 5 °C c = 1.15 ∆ = + 5 °C c = 1.25 
〈P〉 c = 0.77 c = 0.73 c = 1.03 c = 1.01 
〈SR〉 c = 1.10 c = 0.60 c = 1.26 c = 1.04 
〈VPD〉 ∆ = +2.3 hPa c = 2.74 ∆ = +1.57 
hPa 





Figure 6. Histogram (bars) and modeled probability density function of maize yield 
corresponding to the baseline climate (thin continuous line; BL), and modeled 
probability density functions valid for the two climate scenarios, without (dashed line; 
SC) and taking into consideration a shift in timing and length of the growing period 
(dotted dashed line; AD). 
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Differences between the two scenarios are more pronounced concerning yield 
stability. Inter-quartile ranges of 2.1 and 1.3 t ha-1 are computed for SC and AD, 
respectively. Both values are higher than the inter-quartile range calculated for 
the baseline (1.0 t ha-1), suggesting that increasing climate variability implies a 
decrease in yield stability, irrespective of whether water shortage is important 
(SC, ηθ ≈ 0.88) or not (AD, ηθ ≈ 0.96). 
We noted in discussing the results of the sensitivity analysis, that production 
risk is mainly determined by the overall yield level. For present-day conditions, 
the probability of a critical yield is of the order of 28 %. At first sight this value 
may appear high. It can be explained by the fact that the average productivity 
for 1981-2003 (8.5 t ha-1) was significantly lower than in 2005 (9.5 t ha-1), the 
year taken as a reference for the economic analysis. Production risk increases 
considerably as a consequence of climate change, reaching 67 % in SC and 80 
% in AD. 
 
2.3.3 Uncertainties in the projections: probabilistic scenarios 
 
There are many sources of uncertainties in climate scenarios (e.g. Wigley & 
Raper 2001), and these should in principle be considered in any impact study. 
The statistical model presented in this paper is a transfer function; it can equally 
well be used to map a probabilistic distribution of climate scenarios onto a 
probabilistic distribution of yield scenarios. This was done for the AD scenario. 
Uncertainties in regional projections for Switzerland have been examined in 
detail by Frei (2007) on the basis of the ensemble of scenarios produced in the 
framework of PRUDENCE. His results show that, at the 95 % probability level, 
the increase in summer temperature expected for the year 2070 is within the 
range +1.9 to +7.0 °C, while the decrease in summer precipitation is in the 
range 10 and 40 % relative to the baseline period 1961-1990. 
Unfortunately, Frei’s (2007) analysis is limited to two of the four key climatic 
elements and can therefore serve only as a guide. As a first approximation, we 
assumed that uncertainties in the absolute and relative anomalies presented in 
Table 2 are normally distributed with a coefficient of variation of 20 % around 
the mean. We sampled each of these distributions 10’000 times, assuming 
statistical independence, and repeated the calculations reported in the previous 
section for each realization. We then summarized the outcome with respect to 
the uncertainty in mean yield and production risk. 
As seen in Fig. 7, uncertainties in mean yield are nearly normally distributed. 
This reflects an unconstrained mapping of the uncertainties in the climate 
scenario and the linear relation between solar radiation and potential yield. The 
standard deviation of the distribution is 2.0 t ha-1, corresponding to a coefficient 
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of yield variation of 18 %. Production risk, on the other hand, can not be 
negative, nor can it be in excess of 100 %. It follows that the distribution of the 
associated uncertainties can become highly asymmetric, as demonstrated by 
Fig. 7. Thus, while most of the samples are in a narrow range around the 
median value of 80 %, the probability of very low or very high risks is not 
negligible. For instance, there is a probability of 1, 5 and 10 % that the risk is 
less than 9, 22 and 35 %, respectively. 
 
 
Figure 7. Probabilistic scenarios of yield (top) and risk (bottom). Results valid for 
the scenario AD. They were generated assuming that uncertainties in the climate 
projections are normally distributed with a coefficient of variation of 20 %. 
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2.4 Discussion and conclusions 
 
Regional assessments of the effects of climate change on crop production are 
needed at various decision levels, and are necessary to quantify the economic 
impacts at the farm and regional scale. In deriving yield scenarios from climate 
scenarios, two major issues require attention: the fact that climate change is 
expected to alter climate variability (Mearns et al. 1997; Porter & Semenov 
2005); and, the fact that uncertainties associated with the climate scenarios are 
still considerable (e.g. Frei 2007). 
In this paper we demonstrated that a suitably calibrated statistical model of crop 
yield is a reliable tool for mapping a distribution of climate onto a distribution 
of yield and can therefore be used to address these and other issues in regional 
impact studies. We also showed that such a model is easily linked to an 
economic framework, providing means for estimating the impact of climate 
change on production risks. 
In practice, the model was applied to study the response of maize yield and 
production risk in Switzerland to shifts in mean climate and climate variability. 
We found that changes in the precipitation regime alone have important 
consequences not only for mean yield but also for the distribution of yields, 
with yield stability decreasing with decreasing mean rainfall levels and 
increasing variability of seasonal rainfall. 
Taking into account changes in temperature, solar radiation and VPD provided a 
more differentiated picture. Under the unrealistic assumption that there is no 
shift in the growing season of crops, a negative impact of climate change on 
yield productivity was found, with mean yield decreasing from 8.5 to 7.3 t ha-1, 
in good agreement with the results presented in Torriani et al. (2007a). A 
similar decrease in mean productivity was found as well by Tubiello et al. 
(2000) with reference to an Italian location, but their results were obtained 
assuming irrigated maize production and little changes in the precipitation 
regime. They can therefore not be compared directly. 
Anticipation of the growing season of crops didn’t prove beneficial in terms of 
the overall productivity. The average daily conditions were more favourable in 
AD than in SC, but shortening of the growing season (-27 % relative to the 
baseline) resulted in a considerable loss of productivity. These results partially 
contradict what found by Tubiello et al. (2000) and also Torriani et al. (2007a), 
because in these studies anticipating the date of sowing was in any case 
promoting yield. The difference could result from the strong influence of the 
cumulative absorbed radiation on yield in the model used here, which is reduced 
in case of a shorter duration of the growing season. We also have to point out, 
that the present results neither consider an increase in crop productivity in 
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association with elevated CO2 concentration nor envisage the possibility that 
cultivars with higher thermal time requirements may be used to further sustain 
productivity (Horie 1994; Duvick 2005). 
Anticipation of the growing season, on the other hand, had positive effects on 
yield stability. While yield variability more than doubled in SC as compared to 
the baseline, the increase was of only 30 % in AD. This was not sufficient to 
ensure a smaller production risk, as defined by equation (7), because critical 
yields were of about 8.1 t ha-1 (cf. Fig. 6). Thus, quantifying the economic 
impacts of climate change on crop production requires understanding of yield 
behaviour in a specific economic context. Judging production risk solely on the 
basis of the mean and standard deviation of the yield distribution can indeed 
prove misleading. 
Probabilistic scenarios for yield and risk were obtained assuming that 
uncertainties in the climate scenario are normally distributed with standard 
deviation corresponding to 20 % of the mean anomaly. This assumption is 
rather crude (cf. Wigley & Raper 2001, and Frei 2007) and needs to be 
improved in the future. 
With respect to yield projections, we found that the uncertainty distribution is 
very similar to the one assumed for the climate scenario, reflecting the linearity 
of the relation between yield and solar radiation. The probabilistic distribution 
of risk, on the other hand, was highly asymmetric, stressing the need of specific 
models for mapping uncertainties in climate projections onto risk uncertainties. 
A transfer function, as proposed here, has the advantage of being 
computationally cheap, which facilitates the setup of numerous numerical 
experiments. 
Three important aspects were not considered in our analysis. Firstly, we did not 
take into account the positive effects of elevated CO2 concentration on maize 
productivity. Most studies conducted so far have assumed that maize yields 
would improve by roughly 10 % for a doubling of the atmospheric CO2 
concentration (Sinclair & Rawlins, 1993; Parry et al. 2004). Recently, this 
assumption has been questioned by Long et al. (2006). From the point of view 
of our model, CO2 stimulation could have been introduced as an adjustment to 
εrad (Sinclair & Rawling 1993). Additionally, modifications to ηθ and ηVPD 
would have been necessary to reflect acclimation, in particular the increase in 
water use and transpiration efficiency (Polley 2002; Fuhrer 2003). 
We also did not attempt to account for technological advances in production, 
including possible improvements in the traits of maize through breeding 
(Sinclair & Muchow 2001). We felt that future developments are, in this 
respect, rather speculative. The interested reader can, however, refer to e.g. 
Wilson et al. (1995), Southworth et al. (2000), or Torriani et al. (2007a) for a 
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discussion of the differential response to climate change of cultivars 
characterized by different thermal time requirements. 
Finally, we did not contemplate the possibility that farmers can opt among a 
variety of crops and can reduce the overall economic risks by choosing those 
responding more positively or less negatively to climate change. This option 
was explored in detailed by Mendelsohn et al. (1994), who proposed a 
Ricardian framework for measuring climate impacts on agriculture and rural 
income. They could show that in such a context the effects of global warming 
on farm values are significantly lower than estimated with the help of traditional 
production functions. More recent applications of this particular framework can 
be found in Mendelsohn & Reinsborough (2007) and Mendelsohn et al. (2007) 
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Climate change with increasing climate variability is likely to alter risks in 
agricultural production. The effectiveness of using weather derivatives to hedge 
against drought risks for rain-fed grain maize production was investigated for 
current (1981-2003) and future (2070-2100) climates in Switzerland. The 
climate change scenario was extrapolated from results of a regional climate 
model (HIRHAM4) based on the IPCC A2 emission scenario. In addition, a 
sensitivity analysis was performed by varying the mean and variance of the 
initial probability space for the seasonal precipitation sum. Profits and risks 
with and without hedging were compared using the analogy of the value-at-risk 
measure (VaR), i.e., a quantile-based measure of risk. A Monte Carlo chain 
composed of different models was used, with each model consisting of 
functions translating weather variables into the stochastic distributions for grain 
yield and economic returns. Depending on location, hedging reduced VaR to a 
variable degree under both current and future climatic conditions, with a 
considerable basis risk due to spatial heterogeneity of precipitation. The results 
also showed that hedging might provide a valid risk transfer since loading of 90 
to 240% of the fair premium can be paid to obtain a hedged situation with 
improved outcomes relative to the business-as-usual reference. However, due to 
the uncertainty attached to climate scenarios and a strong bias in precipitation 
scenarios for the European alpine region, application of weather derivatives 
would require continuous re-equilibration and recalculation of the premiums. 
Depending on local conditions, the fair premium of a specific contract for 
hedging against weather risks in grain maize production may vary by a factor of 
two to four over the 70-year period considered. This represents a substantial 
uncertainty for both the underwriter (farmer) and the institution writing the 
contract. 




Current climatic conditions in central Europe are favourable to crop production. 
However, projections of future climate (Fuhrer et al. 2006; Beniston & Diaz 
2004) with its effects on the hydrology of alpine basins (Jasper et al. 2004) and 
more frequent droughts (Calanca 2007), together with the continuing rise of 
human water demand (Shiklomanov 2000), emphasize the need to minimize 
agricultural water use as part of optimal resource allocation (FAO 2002). Recent 
extremes such as the summer 2003 (Schär et al. 2004) with estimated losses in 
the agricultural sector of around 12 billion US$ in Europe (Swiss Re 2004) and 
400 millions US$ in Switzerland alone (Keller & Fuhrer 2004) demonstrated 
the importance of extremes in climate. To minimize yield losses during extreme 
years, implementation of conservative strategies for water use, or 
implementation of irrigation systems would be needed. 
Alternatively, risk management involving hedging with relatively new financial 
instruments, the so called weather derivatives (Hull 2002; Jewson & Brix 2005; 
Zeng 2000) could be envisioned in Europe. Conceptually any weather variable 
can be indexed (Agarwal 2002); contracts based on precipitation have been 
described in the literature (Agarwal 2002; Asseldonk 2003; Cao et al. 2004; 
Martin et al., 2001; Skees et al. 2001; Turvey et al. 2006; Vedenov & Barnett 
2004), but more often temperature-based indices were used (Alaton et al. 2001, 
Asseldonk 2003; Cao & Wei 2004; Leggio & Lien 2003; Oetomo & Stevensen 
2005; Richards et al. 2004; Taylor & Buizza 2004, 2006; Turvey et al. 2006; 
Zeng 2000).  
The aim of this exploratory study was to evaluate the effectiveness of weather 
derivatives in hedging against risks associated with a shortage of precipitation 
for grain maize (Zea mays L.) production in Switzerland. The approach used 
was to compare a reference situation of conventional rain-fed cultivation, which 
reflects the current Swiss standard, with the alternative scenario represented by 
rain-fed cultivation backed up by risk management using weather derivatives. 
The efficiency of the two strategies was compared with a concept similar to the 
value-at-risk metric (Artzner et al. 1999) broadly used between finance 
practitioners due to its simple concept and the opportunity to summarize the risk 
of a portfolio to just one number. From a statistical point of view, this approach 
is a quantile analysis of the distribution of profits simulated with a Monte Carlo 
chain (MC) to translate the weather variables into stochastic distributions for 
maize yield and associated economic returns. This allows handling the mean-
variance framework for risk analysis in the situation where production costs are 
correlated with crop yields, the distribution of both the variables and the profits 
are skewed, not Gaussian and censored at critical thresholds. For the study, 
specific locations in Switzerland were used, but to broaden the scope a 
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sensitivity analysis was performed by varying mean and variance of the initial 
probability space for seasonal precipitation sum. 
For the agricultural sector limited availability of yield or weather time-series 
often constrains the application of regression fitting to calculate the loss 
function, and correlations between yield and weather variables may be too weak 
(even if significant) for hedging purposes. As an alternative we derived the loss 
function using a stochastic crop growth model with a minimum set of 
parameters required (Torriani et al. 2007b). 
 
3.2 Method and data 
 
3.2.1 Production costs 
 
Costs for maize production were estimated with the methodology described by 
Lips & Ammann (2006) with census data for representative Swiss farms 
covering the years 1975 to 2004 (FAT 2004) (See table in chapter II, data from 
Lips M. and Ammann, H., Agroscope ART Taenikon, Switzerland). Variable 
costs associated with machinery, cleaning and drying dominate over fixed costs 
generated by interest/rent or administration. A fixed grain price of 450 CHF t-1 
was used since reference prices vary each year based on projected production, 
expected quality of crop and decisions concerning custom taxes and import 
policy, but over the past five years, the price varied only by +/-5% 






A Monte Carlo chain was used to develop profits with and without hedging. A 
sample of n = 300 x 103 was drawn from the gamma probability density 
function (PDF) of seasonal rainfall. The sample size was necessary to reach a 
precision of 0.01 t ha-1. The distribution of profit B (CHF ha-1) for grain maize 
production without hedging was calculated as, 
 
( )YcYpB m −=  (1) 
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with grain yield Y (t ha-1) sold at a price pm (CHF t
-1), and the cost function c(.) 
(CHF ha-1) as the first-degree polynomial (21.15Y + 3471; r2 = 0.94; RMSE = 
7.84 CHF ha-1) providing costs depending on yield level Y (see Table 1). Profit 
with hedging Bwd (CHF ha
-1) was calculated from profit for conventional 
production (B) and considering a number of weather derivatives h (contracts ha-
1) with a premium of cwd (CHF contract
-1) and a payoff P (CHF contract-1). The 
producer would pay a constant amount hcwd to the writer for an indemnity of hP. 




+−=  (2) 
 
Here, the contract was tailored to one hectare and thus h=1. 
The effectiveness of hedging was evaluated on the basis of a quantile-based 
risk-measure of the profit distribution (Artzner et al. 1999; Hull 2002), i.e. the 
value-at-risk measure (VaR), as an alternative to the abstract risk preference and 
utility functions (i.e. Martin et al. 2001). The notation 
θ
-VaR was used where 
θ
 
is the confidence level for the corresponding α-quantile, thus 
θ
=(1-α). 
Accordingly, the 95-VaR refers to a probability of Pr{B≤95-VaR} = 5%. A 
second parameter defining VaR is the duration in days over which the risk is 
evaluated. Maize harvest occurs once a year and thus only year-to-year 
variations were considered. Thus a single year was the smallest discrete step of 
our analysis. 
Results of the monetary balance were placed in mean-variance plots for a 
sensitivity analysis performed by changing (i) mean rainfall from zero to 600 
mm, and (ii) the second moment of the distribution from zero to 250 mm. 




The premium was calculated as the unconditional expectation (E) of payoff and 
discounted at the risk-free rate rt (Hull 2002), although different discount rates 
reflecting the market price for risk have been proposed (Turvey 2002; Davis 
2001). The payoff distribution was simulated with Monte Carlo methods from 
the rainfall distribution. It was assumed that all underlying variables have zero 
systematic risk and thus the statistical measure of risk was taken as an 
alternative to the risk-neutral approach (Black & Scholes 1973; Merton 1973). 
Direct comparison is conventionally done after converting the future value into 
the net present value by discounting at d=e-rtt. The option is purchased at date t1 
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and cashed at maturity date t2>t1, separated by t (years). The rainfall index x is 
defined as the integration of the daily precipitation (mm) (see (12)). The put 
payoff function p() pays an amount D (CHF mm-1) for each mm of cumulated 
rainfall below a strike K (mm), following Jewson & Brix (2005): 
 
( )( )xKDKxp −= ,0max),(  (3) 
 
As an example, if K = 200 mm, D = 100 CHF mm-1, then for an index value of x 
= 150 mm at the end of the accumulation period (at maturity) the put will pay 
5000dt, or 4925 CHF for rt = 0.02 (years
-1) and T = 0.75 (years). Thus the option 
value v becomes: 
 
( ) ( )[ ]KxpEetxv trt ,, −=  (4) 
 
One contract costs v (CHF contract-1), and in the long-term a farmer can expect 
(in a probabilistic context) to receive back the same amount discounted at dt. 
The risk-free rate is approximated at 2% from the historic LIBOR rate for the 9-
months maturity duration over the years 1997-2005 (LIBOR 2006). As 
mentioned previously, grain prices can be assumed constant and price volatility 
equal to zero (and covariance between grain prices and indemnities), thus not 
affecting the pricing procedure (Davis 2001). We assumed no transaction costs 
outside the interest rates on capital. 
 
3.2.4 Structured product 
 
The payoff function of the standard put is linear, but sometime it is more 
interesting to obtain non-linear payoffs that better fit the hedge’s purposes. In 
this case the goal is to create a synthetic put with a concave payoff function 
mirroring the function of yield loss. Here we considered a structure of standard 
puts with equal tick size and equally spaced strikes. The latter assumption aims 
at imitating existing markets since the advantage is to rationalize the process of 
writing standard instruments that can be used for multiple purposes among 
industrial sectors, thus possibly attracting more liquidity in the weather market. 
This assumption is not primary, however, since trading strategies aimed at 
replicating synthetic options are possible. The structured product payoff 
function s is then: 









),()(  (5) 
 
For a general case where wi is the weight of the put options to be purchased at 
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The quantity of options that need to be purchased at each strike is equal to the 
slope of l(x) minus the quantity purchased until then for higher strikes, with the 
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A final assumption was that w1, i.e. the weight for the put with the smaller 
strike, is equal to the difference between the sum of all quantities purchased 
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3.2.5 Crop model 
 
The stochastic crop growth model was build following the work of Monteith 
(1972 and 1977). We described yield as the product of radiation use efficiency 
ε
pot, which is a crop-specific parameter, global radiation I (W m
-2) and a series 








The normalized limiting factors ηi considered here are water stress ηw (-) and 
vapor pressure deficit (VPD) limitation ηt (-), the latter representing the indirect 
effect of temperature on yield (Torriani et al. 2007b). The relationships were 
fitted to results of simulations with the deterministic crop growth model 
CropSyst (Stöckle et al. 2003) described in Torriani et al. (2007a and 2007b) 
using perturbed meteorological observations to widen the range of climatic 
conditions beyond the range of observed data. Mean VPD was extended 
between 0 and 25 hPa to reflect dryer and wetter atmospheric conditions. 
Rainfall was reduced over a range of 0 to -60%. Simulations were performed for 
a single soil type with 38% clay, 36% silt, 26% sand, and 2.6% of soil organic 
matter – a soil type characterized by a good water retention capacity. 
The increase in [CO2] positively affects productivity through effects on canopy 
resistance to water vapor transfer and carbon assimilation (cf. Fuhrer 2003), but 
the magnitude of the CO2-stimulation of yield is debated (see Long et al. 2006), 
especially for C4 crops like maize. Therefore, the VaR analysis was performed 
without considering increased [CO2] in the climate change scenario. 
 
3.2.6 Meteorological data 
 
The baseline for 1981 to 2003 consisted of the observed meteorological data 
provided by the Swiss Federal Office of Meteorology and Climate 
(MeteoSwiss). The weather stations at Magadino (MAG: 46°10’ N, 8°53’ E, 
197 m above sea level), Schaffhausen (SHA: 47°41’ N, 8°37’ E, 437 m) and 
Waedenswil (WAE: 47°13’ N, 8°41’ E, 463 m) were used to represent lower 
altitudes, with MAG also representing the region south of the Alps. The 
locations of Beznau (BEZ: 47°34’ N, 8°14’ E, 327 m), Kloten (KLO: 47°29’ N, 
8°32’, 436 m), Leibstadt (LEI: 47°36’ N, 8°11’ E, 341 m), and Reckenholz 
(REH: 47°26’ N, 8°31’ E, 443 m) located along a north-south axis were used to 
evaluate the spatial heterogeneity of rainfall (i.e. the basis risk). Application of 
the hedging strategy was carried for WAE, MAG and SHA. 
 
3.2.7 Climate model and climate change scenario 
 
The stochastic framework was based on the rainfall index x as the independent 
variable, and radiation and air vapor pressure deficit (VPD) as the dependent 
variables. Linear covariance between weather variables was assumed and a 
stochastic error was added as a normal term N(0, σ2) with zero mean and a 
suitable standard deviation σ reflecting the observed spread of the indices: 
Chapter III 59 
 
),0()( 2II NxDI σ+≈  (10) 
 
),0()( 2VPDVPD NxDVPD σ+≈  (11) 
 
Here, D() is the deterministic linear term for the corresponding variable. 
Defining the parameters of the climatic model required records of precipitation 
(mm), mean temperature (oC), VPD (hPa) and global radiation (W m-2) 
corrected for data inconsistency, but without performing homogenization (Allen 
et al. 1998). 
The rainfall index x is defined as the integration of the daily precipitation P 
(mm) over the accumulation period from - and including - the first (t1) to the 









iPx  (12) 
 
The operator 〈…〉 means that integration over the accumulation period was used 
for rainfall and averaging was used for the other variables. The chronological 
limits t1 and t2 were kept constant each year, although in reality they should 
reflect crop phenology as a function of thermal time (growing degree-days, oC-
days). Phenological dates were determined through simulations with CropSyst 
(see above). The t1 limit was set at 400 
oC-days after the sowing date (10 May, 
or the day of the year (DOY) 130), i.e. shortly before the beginning of the 
flowering phase and nearest to the start or end of a month to have a full month’s 
accumulation. The t2 limit corresponds to the completion of maturity at 1250 
oC-days, which is a crop-specific parameter and was previously calibrated with 
observations. The time of maturity varies from year-to-year by up to 1-2 months 
depending on region and variety, but here we used a mean DOY of 273. 
The positive temperature trend in the CC situation was considered by inducing a 
shift by -30 days in the sowing date (Torriani et al. 2007a and 2007b). This 
means that the moment estimator used to adapt the rainfall gamma PDF for CC 
conditions accounted for this shift in growing season, but parameters for both 
the deterministic and stochastic terms were not updated in spite of a possible 
change in the relationships between weather variables. 
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The CC scenario referred to the years 2071-2093 and it was derived from the 
observed baseline (1981-2003) by shifting the observations as described in 
Torriani et al. (2007a) and included changes in the inter-annual variability along 
with shifts in mean monthly values. CC anomalies were extrapolated from the 
regional model HIRHAM4 (Christensen et al. 1998). Initial and boundary 
conditions for running the regional model were extracted from the atmospheric 
circulation model HadAM3H (Pope et al. 2000) and were driven with the output 
of the ocean-atmosphere coupled global climate model HadCM3 (Johns et al. 
2003). The A2 emission scenario (Nakicenovic & Swart 2000) was considered 
representing an upper limit for emission projections.  
 
3.2.8 Loss function and basis risk 
 
Ideally, the loss function representing a relationship between yield and the 
underlying variable should be parameterized for each location and 
corresponding climatology. Here we used a single function parameterized with 
the results of the stochastic model sensitivity analysis obtained by changing the 
shape of the rainfall distribution α (-) and the scale parameter 
β
 (mm) with their 
moment estimators according to Torriani et al. (2007a). The explicit form of the 
loss function used was similar to that of the water stress model (Torriani et al. 
2007b) since it allows an easy differentiation necessary to calculate the weights 

















  (13) 
 
Potential evapotranspiration (ETpot) was used as a function of rainfall (Calanca 
2004; Torriani et al. 2007b), and k (CHF) as a specific fitting parameter. 
Another point that may limit the effectiveness of a hedging strategy is the 
uncertainty associated with spatial heterogeneity of rainfall, defined as the basis 
risk. If a site is distant from the weather station where the reference index was 
measured, the amount of rainfall may differ substantially from the reference 
quantity, and the correlation between loss and reference index may decline. We 
used a simple quantification of the spatial heterogeneity for rainfall by 
comparing the correlation coefficient for the payoff of the structured product 
between a reference station (Zurich) and various nearby weather stations to 
determine the change in correlation as a function of distance from the reference 
station. 
 




The hedging contract covers a precipitation range useful to insure the 
production from zero up to the mean yield level in Switzerland of about 10 t ha-
1. Grain yield reaches a maximum value around 400 mm and then starts to 
decline due to limiting radiation and temperatures associated with unfavourable 
wet conditions (Fig. 1). This results in a maximum liability and thus a 
maximum payoff of the structured product of 4637 CHF contract-1. The 
parameters of the loss function were defined by fitting (13) data from the Monte 
Carlo model with the least squares method (a = 4833 CHF contract-1, c = 
0.004851 mm-1, r2 = 0.98, RMSE = 225 CHF, n = 300 x 103). 
 
 
Figure 1. Normalized loss function (full curve) and results of the stochastic yield 
model for the sensitivity analysis. 
 
The optimum weight wi for each option necessary to build the structured 
product was obtained iteratively by solving (7) and was used to fit the inverse 
image of the loss function (Fig. 2). It gives a total number of 23 options 
between 100 and 400 mm, with the weight for the option at strike 350 mm equal 





















Figure 2. Inverse image of the loss function (solid line) and the payoff for the 
structured product (dashed line) (s(<x>)). m(<x>) is mean rainfall. 
 
 
Table 2. Weights of each put structuring the product. 
Strike level (mm) 100 125 150 175 200 225 250 275 300 325 350 375 400 
wi 6 2 2 2 2 2 1 1 1 1 0 2 1 
 
The basis risk associated with the spatial heterogeneity of rainfall was evaluated 
both in terms of the correlation between the seasonal rainfall (Fig. 3) and the 
difference in the payoff between the reference site and the target locations. The 
correlation for rainfall showed a proportional decay that remained above an r2 of 
0.7 (with p<0.05 in all cases) for distances of up to 50 km. The r2 for the payoff 
was slightly lower, yet above 0.6 for a distance up to 15 km (not shown), and 
the basis risk in absolute terms remained below 500 CHF contract-1 for 
distances up to 15 km, with a mean of 200 CHF contract-1, but the maximum 
difference could reach 1400 CHF contract-1 for distances exceeding 15 km. 
These results require further analyses, considering possible spatial anisotropies 
and using an improved spatial interpolation. 
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Figure 3. Change in r2 for rainfall (left) and absolute difference in payoffs s 
(reference - station) as a function of distance from the reference station (Zurich - 
SMA) (1 WAE, 2 REH, 3 KLO, 4 BEZ, 5 SHA and 6 LEI) for 1981-2003. In box 
plots, whiskers extend to 1.5 x the quartile range, the box represents the 
upper/lower quartile and median, circles represent outliers. 
 
The sensitivity analysis for the fair premium revealed an increase from the 
baseline climate to CC conditions for MAG from 210 to 620 
CHF ha-1, and for SHA from 160 to 780 CHF ha-1 (Fig. 4). The fair premium at 
WAE was nearly zero due to the mean rainfall level above the upper put strike, 
i.e. the derivative is usually ‘out-of-the-money’. 
The comparison between the situations with or without hedging showed that 
hedging was effective in reducing the VaR gradient along the variance axis 
(Fig. 5), which may be expected from this type of instrument. MAG located 
south of the Alps and SHA north of the Alps are both characterized by climates 
which favour water stress conditions in maize (Torriani et al. 2007b), and thus 
leaving the system sensitive to rainfall variability. Under CC conditions the 
conventional 95-VaR dropped by 130% at MAG and by 160% at SHA (Tab. 3). 
 
Table 3. Fair premium and 95-VaR (rounded to 10) for baseline and CC scenario. 
   Premium 95-VaRconv 95-VaRwd 90-VaRconv 90-VaRwd  
   (CHFcont-1) (CHF ha-1)  
     Baseline  
 MAG  210 -920 -200 -460 -70  
 SHA  160 -570 -260 -370 -160  
  CC Scenario   
 MAG  620 -2130 -640 -1580 -500  




However, the results showed that hedging remained effective even if the 
premiums under CC conditions increased (Fig. 4). In contrast, at WAE hedging 
was not effective since there was negligible yield reduction due to water stress 
(about 5%, Torriani et al. 2007b) and due to little rainfall variability in both 
baseline and CC scenario. For soils with a lower water retention capacity than 
assumed here, the risk for water stress would be higher and thus possibly 
justifying hedging, but still the pricing of the structured product may be 
difficult. A further limitation of weather options at WAE is a premium lower 
than 10 CHF contract-1 due to the out-of-the-money situation (when the 






























Figure 4. Sensitivity analysis: premium of the structured product (CHF contract-1) 
in relation to the mean rainfall level and standard deviation for WAE (1), MAG (2) 
and SHA (3) for the baseline (full circles) and CC scenario (empty circles). Note 
the changing spacing between isolines for values below 1000 CHF. m(<x>) is mean 
and sd(<x>) is standard deviation for the seasonal rainfall. 
 
The difference between conventional and hedged VaR can be used to determine 
how much a premium can be increased above the fair premium before reaching 
the risk level of conventional risk management, thus possibly providing a 
simple quantification of how much a farmer would be willing to pay for the 
hedge and, conversely, how much a financial institution may charge to cover its 
exposure. At MAG, the fair premium can be loaded up to 240% before bringing 
the situation near the conventional one, whereas at SHA the fair premium can 
increase by 93%. The smaller potential at SHA is caused by lower mean profits 
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expected for producing maize (baseline: 260 CHF ha-1) in contrast to the 
































































Figure 5. Sensitivity analysis for 95-VaR value (in thousand CHF ha-1) for the 
conventional (left) and hedged (right) management with rainfall statistics for 
baseline (full circles) and CC conditions (empty circles) at WAE (1), MAG (2) and 
SHA (3). m(<x>) is mean and sd(<x>) is standard deviation of rainfall. 
 
3.4 Discussion and Conclusions 
 
Weather derivatives are effective instruments for hedging against the risk 
associated with weather variability under today’s climate, and will be even more 
effective under projected future climates. One assumption of this work was to 
calculate the premium of the contract with the statistical measure of risk (fair 
premium), implying that there is no loading for the costs and risks endorsed by 
the financial institution writing the contract. This presents an unrealistic 
situation, except if a government supports the hedging strategy and covers the 
risk exposure and expenses. Nevertheless, we find that even when considering 
premiums that are at least 100% higher than the fair premium, hedging remains 
attractive for maize producers when compared with conventional risk 
management, both for baseline and climate change assumptions, thus allowing 
the financial institution to cover its expenses and eventually the uncertainties 
related to climate change. However, the seller cannot freely charge a premium; 
rather, a Pareto equilibrium should be reached by parties, that is as well 
dependent on the supply and demand mechanisms of the market. 
In this study, we used a modeling approach to determine weather-yield loss 
relationships instead of traditional regression methods based on observed data. 
The advantage is that the relationship can be applied to regions where historical 
meteorological or yield data are incomplete, or where correlations between 
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rainfall and observed grain yield are inadequate for hedging purposes (even if 
significant). 
The basis risk resulting from the spatial heterogeneity of the precipitation-based 
index requires further analysis, since solutions exist to improve the spatial 
representation of the index through extrapolations techniques, spatial mapping 
through teledetection, or by using ad hoc indices created from aggregation of 
multiple weather variables (Vedenov & Barnett 2004). 
The application of weather derivatives is subject to risks unrelated to climate or 
agriculture and include the defaulting of financial institutions or the interruption 
of the weather market itself due to lack of liquidity that may exclude financial 
institutions from selling contracts, with the possibility that few market 
protagonists may generate a non-competitive situation, eroding market 
transparency (Skees 1999, 2002; Hull 2002; Richards et al. 2004; Jewson & 
Brix 2005). Recent developments showed that opportunities are growing 
beyond the traditional industrial sectors dominated during the early 1990s by 
the energy industry (Jewson & Brix 2005), and new actors from construction, 
entertainment, banking (to cover the loans exposed to weather risk) or leisure 
have recently entered the market. 
Integrated economic studies at farm level and not limited to maize production 
may show further opportunities for the application of risk transfer based on 
capital markets to the benefit of both the society optimizing its investments 
(Skees 1999, 2002; Miranda & Glauber 1997) and the rural sector that is facing 
fundamental socio-economic and technical adaptations. Risk transfer is one 
strategy to increase the probability that the agricultural production chain can be 
secured and to safeguard the production of real, tangible agricultural 
commodities that can drop or rise in quantity and quality due to a multitude of 
reasons, but cannot be replaced solely by monetary values. In the big picture of 
hedging against weather risks, however, one has to consider that the risk is not 
eliminated or reduced, but is transferred to an organisation that can better 
manage it. 
Application of weather derivatives may be influenced by the availability of 
seasonal weather forecasts. Their usefulness has been assessed in Europe for 
winter crop management (Cantelaube et al. 2004) but specific studies focusing 
on forecasting seasonal precipitation dynamics are still scarce. In areas where 
seasonal weather forecasting represents a valid support to both crop 
management and to financial decisions (Stone & Meinke 2005), pricing 
corrections could be considered (Jewson & Brix 2005). Projections of adverse 
weather and unsuitable soil conditions during the time of sowing can lead the 
farmer to change plans, and in extreme situations even to force him a switch to 
an alternative crop with the consequence that hedging would be obsolete. 
Mechanisms for redeeming the contingent claim can be included in the 
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specifications, but then it is necessary to reconsider weather and seasonal 
forecasting to recalculate conditional expectation of premiums (Agarwal 2002). 
These last issues were not considered here because solutions are specific to 
regions, countries, and industries, where strong territory presence of insurance 
and governmental services will motivate more sophisticated contracts including 
redemption clauses, whereas application in remote areas will encourage 
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THE likelihood of projected global warming, as a result of increased 
atmospheric concentrations of CO2 and additional greenhouse gases, is the 
source of global concern because of its potential impacts on ecosystems and 
society. Nevertheless, climate change scenarios are subject to uncertainties and 
working hypothesis (Houghton et al. 2001), that are worth to be considered as 
an argument for developing alternative ways to handle risk today and in the 
future, similarly to what described in chapter I and II, that can marginalize the 
consequences or even take advantage, under a Pareto efficiency, of such 




THIS work quantified risks of cereal production today and for future climate 
change projections in a way that considers part of the uncertainties intrinsic to 
the climate system. Results of crop production are in agreement with previous 
studies showing a reduction of the mean yield in northern Italy and the 
Mediterranean region of about -15% (Tubiello et al. 2000), and a possible 
increase in yield for northern European regions (Chloupek et al. 2004) for 
adapted management and crops. The effects of increased weather variability are 
significant on the mean yield level of maize, causing a reduction that can be 
compensated for by a switch in the sowing date, jointly with the selection of 
high temperature resistant varieties which may lead even to an increase in 
potential productivity as showed in chapter I. Results for winter crops are more 
favourable thanks to the smooth weather conditions during winter and spring 
periods controlling both the vernalization process and the active growth phase 
that, in combination, have a major impact on the yield stability. 
To reach these estimates, more than one technique for weather and climate data 
perturbation were compared (chapter I), and a stochastic framework (chapter II) 
was proposed that can include statistics for climate change scenarios, and to 
incorporate a regional assessment of climate change impact on productivity, 
providing insights to farmers and policymakers that global or supranational 
studies may miss or disregard in some aspects (Doering & Randolph 2002), 




constraints not related to weather or climate; just consider the sales prices for 
the final goods or the costs for irrigation (and thus the accessibility to water) 
that varies strongly between regions and countries. In this respect, the 
application of weather options showed the importance of regional climate 
idiosyncrasies that may justify or jeopardize the strategy even for distances of 
30 to 50 km from the reference meteorological station measuring the weather 
index. 
The adaptation of the sowing date and selection of new crop varieties represent 
real risk reduction techniques since they aim at improving the yield level and 
reducing its variability, as opposed to solutions presented in the last chapter, 
that do not directly address yield production. Yet, through reduced monetary 
risks, the farmer may be more inclined to invest into efficient strategies for yield 
improvement that may require higher capital spending. But it should be clear 
that, as its name implies, risk is transferred and not reduced or directly 
eliminated as it happens for the adaptations considered in chapter I. The risk 
remains in the society until it is offset by the savings (surpluses) generated in 
other segments, and nowadays agriculture represents a small voice in the 
economic balance of most countries, with the majority of the industrial sectors 
outputs that are uncorrelated with the agricultural production, thus the society as 




TO reach these results we took advantage of a collaboration between specialists 
from different fields, including agronomy and crop modeling, finance and 
economy, mirroring a condition that is becoming more frequent in the 
environmental studies. The typical progression “research-development-
production” (followed by marketing, and last but not least trading) is involving 
environmental scientists at different stages of the process. This will bring new 
opportunities and require adaptations from both the academic and the industrial 
side so to cope with the peculiarities of each. 
Modeling of the stochastic process underlying the rainfall-based index is simple 
and disregards characteristics like the clustering of wet/dry events and 
heteroschedasticity of the process. Stochastic models that integrate both 
characteristics are already used in diverse fields (Engle 1982, Bollerslev 1986, 
Taylor & Buizza 2004) and could be the basis for further developments of the 
risk framework discussed here that could improve the model in view of the 
information contained in the high quality meteorological data available in many 
regions of the world. 
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The intensity of rainfall events influences the runoff process and the canopy 
interception, thus affecting the quantity of water effectively reaching the rooting 
zone. The intensity of rainfall can be a factor to be considered in future 
developments of the stochastic model for the regions south of the Alps that are 
characterized by rainfall events of greater intensity if compared with the north 
of the Alps. 
Seasonal forecasting is evolving in its accuracy and methodology in some 
regions of the world (Stone & Meinke 2005), and it represents a significant 
factor to be considered when taking decisions in management (from the 
farmer’s point of view) or pricing the weather contracts (from the financial 
institution’s point of view). 
Understanding of spatial heterogeneity of weather variables is of primordial 
importance for a correct quantification of the basis risk. Two main ways can be 
envisaged. Satellite or any airborne detection and precise spatial measurement 
of any sensible index is arguably the most precise way, yet quite demanding in 
resources. Alternatively (or jointly), interpolation techniques can provide useful 
and pragmatic solutions along with the development of any index measure that 
must be reliable and technically simple so to enable industrial applications that 
are by themselves subject to regulatory constraints and sometime the target of 
expensive justice trials. The development of the aforementioned indices can 
follow two main directions, either through aggregation of multiple weather 
variables (Vedenov & Barnett 2004) or through the alternative described in 
chapter III. 
The application of weather transfer strategies requires an unbiased measure of 
risk and the set up of an adapted actuarial and accounting framework inside the 
financial institution writing the contracts, since the classical theory for portfolio 
management is based on normal (i.e. Gaussian) assumptions not always 
mirroring the nature of the weather processes and thus leaving the issuers 
exposed to hazard. 
Recently, new irrigation systems were developed in Switzerland and north Italy, 
with favourable feedbacks from farmers obtaining considerably higher yields 
that resulted mainly from higher sowing densities, averted nutrients limitation, 
an accurate management and follow up of the culture along with favourable 
cooling effect generated by sprinklers irrigation on evapotranspiration. The 
assessment of economical viability for irrigation is a complex issue that depends 
on the culture needs and the water cost that both vary strongly between regions, 
but basically, the framework described here can be adapted to study the 
irrigation efficiency after calibration of the parameters for the crop model and 
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